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GENERAL INTRODUCTION 
The structure of smectites is based on the model of 
Hofmann et al. (1933) as modified by Marshall (1935), 
Maegdefrau and Hofmann (1937) and Hendricks (1942). 
Smectites occur as packets of discrete layers. Each layer 
has two tetrahedral sheets which are coordinated to a central 
octahedral sheet. The apical oxygens of the tetrahedra are 
shared with adjacent octahedra. Four of these shared oxygens 
combine with two unshared hydroxyls to form the octahedra. 
The hydroxyls are centered above ditrigonal voids formed by 
the arrangement of tetrahedra (Figure 1). 
All octahedra are filled with Mg in the trioctahedral 
talc structure, but only two of every three octahedra are 
occupied by A1 in the dioctahedral pyrophyllite structure. 
Smectites differ from the electrically balanced talc or 
pyrophyllite structures due to isomorphous substitutions. 
These substitutions result in a net negative layer charge 
which is balanced by interlayer cations. •• — 
Mathieson and Walker (1954) in a study of vermiculites 
suggested that exchangeable cations lie midway between the 
silicate layers. Shirozu and Bailey (196 6) and Robert et al. 
(19 83) have reported that for tetrahedrally charged clays the 
interlayer cations are localized above Al-for-Si substitution 
2 
O Oxygen ©HydroxylO Aluminum, Iron, Magnesium 
O andOSilicon, occasionally Aluminum 
Exchangeable Cation 
Figure 1. Diagrammatic sketch of the structure 
of 2:1 phyllosilicates (after Grim, 1968) 
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sites. The position of interlayer cations is less veil 
established for octahedrally charged clays, however, the 
cations are also presumed to lie midway between the silicate 
layers. Midway positioning of interlayer cations is 
generally accepted, but there are well-documented exceptions 
to this rule (Walker, 1975). 
Interlayer water molecules are coordinated to both the 
exchangeable cations and negatively charged sites on the 
adjacent siloxane surfaces. These interlayer water molecules 
form a distorted hexagonal network (Hendricks and Jefferson, 
1938; Mathieson and Walker, 1954; Bradley and Serratosa, 
1960). 
The extent of isomorphous substitution is greater in 
vermiculites than smectites; as a result, vermiculites have 
higher layer charge densities than smectite. Grim (1968) 
separated smectites and vermiculites based on the structural 
charge per formula unit (smectites as: 0.25-0.50 and 
vermiculites as; 0.50-0.75). The CMS Nomenclature Committee 
(1971) currently accepts a charge of 0.25-0.60 for smectites 
and 0.60-0.90 for vermiculites. The classification of 
smectites is based on both the extent of octahedral cation 
occupancy, and the dominance of either tetrahedral or 
octahedral charge. However, only tetrahedrally charged 
vermiculites are recognized (Table 1). Vermiculites and 
smectites comprise the expanding 2:1 phyllosilicates. 
Table 1. Classification and idealized 
STRUCTURE ORIGIN OF 
GROUP TYPE CHARGE 
Smectite Dioctahedral Octahedral 
Smectite Dioctahedral Tetrahedral 
Smectite Dioctahedral Tetrahedral 
Smectite Trioctahedral Octahedral 
Smectite Trioctahedral Tetrahedral 
Vermiculite Dioctahedral Tetrahedral 
Vermiculite Trioctahedral Tetrahedral 
formulas of expanding 2:1 phyllosilicates 
SPECIES IDEALIZED STRUCTURAL FORMULA 
Montmorillonite 
^ 0 .  33(814^00)(Allt66Mgo.33) 
Beidellite 
Nontronite MS. 33(Si3t66^1ot33)(P^itoo) 
Hectorite 
Saponite Mo. 33(Si3t66Alot33)(M93too) 
Dioctahedral 
Vermiculite Mo. VOfSistsoAlotvo)(AI2T00) 
Trioctahedral 
Vermiculite Mo. vofsistsoAiotvo)(Mgstoo) 
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Natural smectites typically have a layer charge near 
0.33 (Ross and Hendricks, 1945) and only rarely exceed 0.40. 
Vermiculites by contrast, exhibit a wider range in layer 
charge. Foster (1962) published structural formulas for 25 
vermiculites and hydrobiotites in which the layer charge 
ranged continuously from 0.42 to 1.08 per formula unit. 
The layer charge of expanding 2:1 phyllosilicates is 
distributed among three general domains; external planar 
surfaces, internal planar surfaces and lateral broken edges. 
The charge due to isomorphous substitution is manifested on 
the planar surfaces and is said to be "permanent", because 
the planar surfaces do not react with potential determining 
ions (H or OH) (Hendershot and Lavkulich, 1983). Charge due 
to broken bonds along lateral edges is designated "variable 
charge". At low pH, broken edge radicals are associated with 
protons and do not contribute to the net negative layer 
charge. At high pH, the broken edge radicals associate with 
solution cations. 
Metal hydrous-oxides are often associated with smectites 
and vermiculites. These materials may exist as separate 
entities or as external or even internal coatings. 
Hydrous-oxides reduce the apparent permanent charge by either 
blockage or electrostatic cancellation and increase the 
variable charge due to surface reactions with potential 
determining ions (Hendershot and Lavkulich, 1983). 
6 
A continuous increase in exchange capacity with 
increasing pH was observed by Pratt (1961), who also observed 
that the pH-dependent cation exchange capacity was equivalent 
to the exchangeable acidity. He estimated the pH-dependent 
exchange capacity of soil clays to be about 15.6 cmol (+) 
kg~^. For smectites the pH-dependent exchange capacity is 
generally greater than 5.0 cmol (+) kg~^ (Borchardt, 1977) and 
may be 20 percent of the total exchange capacity (Grim, 
1968), depending primarily on particle size. 
Although the variable charge is important, permanent 
charge is clearly the dominant type of layer charge 
associated with expanding 2:1 phyllosilicates and therefore, 
is the primary focus of this review. 
Determination of Layer Charge 
The various methods for determining layer charge density 
often give different results, depending on the nature of the 
mineral, experimental conditions and the assumptions upon 
which the methods are based. Cation exchange capacity (CEC) 
is probably the most commonly used measure of a clay's layer 
charge. CEC is expressed as moles of exchangeable cations 
per unit mass of clay; and therefore CEC is not a direct 
measure of layer charge density. Measured CECs vary with 
both experimental conditions and clay properties; notably pH, 
exchanging cation, the clay's exposed surface area and 
7 
chemical composition. 
CEC and total surface area (SA) measurements may be 
combined to estimate the layer charge density (LCD=CEC/SA). 
The total surface area of expanding 2:1 phyllosilicates is 
measured by adsorption of water (Newman, 1983), or polar 
organics, such as ethylene glycol (Dyal and Hendricks, 1950) 
or ethylene glycol monoethyl ether (Carter et al., 1965). 
Unfortunately, the extent of interlayer swelling and hence 
the amount of solvent adsorbed is partially dependent on 
layer charge density (Harward et al., 1969). Jonas and 
Roberson (196 6) for example, used the extent of interlayer 
hydration as a measure of layer charge. Thus, the 
combination of CEC and surface area determinations is a 
relatively inaccurate method of measuring layer charge 
density. 
Philen et al. (1971) characterized layer charge by the 
competitive adsorption of two divalent organic cations, 
diquat and paraquat. The separation of charges in these ions 
is about 0.35 nm for diquat and 0.70 nm for paraquat. This 
difference apparently accounts for the observed relationship 
between a clay's layer charge density and the relative 
preference a clay exhibits for diquat versus paraquat in 
exchange reactions. A shorter charge separation allows 
diquat to more easily satisfy the closely spaced charge sites 
on vermiculite, and a greater contribution of van der Waals 
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forces in addition to the electrostatic attraction causes 
smectites to prefer paraquat. 
Layer charge density is commonly estimated by 
calculating structural formulas. A total elemental analysis 
is required for these calculations, and then cations are 
assigned to structural positions based on the assumption of a 
-22 framework anionic charge per formula unit (Gast, 1977). 
The resulting layer charge is expressed as a charge per 
formula unit, which converts to charge per unit area, upon 
division by the surface area per half unit cell. 
There are two major problems with calculated structural 
formulas. First, the specimens must be monominerallic. Very 
few smectites or even vermiculites are truly monominerallic, 
most contain traces of mica, kaoliiiite, quartz, carbonates 
and/or metal hydrous-oxides. Structural formulas and the 
estimated layer charge densities will reflect these 
contaminants. The second problem results from the assumption 
of a -2 2 anionic charge per formula unit. It is nearly 
impossible to accurately determine the anionic charge of a 
clay, and even a slight deviation from -2 2 will have a major 
impact on estimated layer charge densities. 
The characterization of smectite and vermiculite layer 
charge densities has been greatly advanced by the development 
of the alkylammonium method. Since the early work of Jordan 
(1949a, 1949b), considerable attention has been given to the 
9 
adsorption of alkylammonium cations by 2:1 phyllosilicates 
(Weiss and Kantner, 1960; Sutherland and MacEwan, 1961; 
Brindley and Hoffman, 1962; Walker, 1967; Theng et al., 
1967; Mackintosh et al., 1971). Much of the early work 
has been summarized by Weiss (1963). Sample preparation, 
alkylammonium carbon chain length and the nature of the 
clay were all found to influence interlayer alkylammonium 
conformation and the observed basal spacings. However, with 
consistent sample preparation, Weiss (1963) observed a linear 
relationship between layer charge density and the extent of 
basal expansion. He proposed the use of dodecylammonium and 
octadecylammonium clay derivatives for the determination of 
layer charge density among vermiculites and high-charge 
smectites. Lagaly and Weiss (1969), Stul and Mortier 
(1974) and Ruehlicke and Kohler (1981) refined the use of 
alkylammonium cations in determining layer charge density. 
Alkylammonium clay derivatives are prepared by 
the stoichiometric exchange of the interlayer cations 
with various straight chain alkylammonium cations. 
R-NH^+Na-Clay = Na^+R-NH^-Clay 
Derivatives are prepared using alkylammonium cations with 
carbon chains that have from six (hexylammonium) to eighteen 
(octadecylammonium) carbons. The derivatives are washed free 
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of excess organic cations, dried, and analyzed by X-ray 
diffraction to observe the change In basal spacing as a 
function of carbon chain length. 
The method envisions four general Interlayer 
alkylammonium conformations (Figure 2). The paraffin 
structure is observed with high-charge vermiculites. These 
derivatives exhibit a linear increase in basal spacing with 
Increasing carbon chain length (Figure 3). The slope of this 
relationship is used to estimate the tilting angle, oc (Figure 
2, Paraffin Structure). Lagaly and Weiss (1969) established 
an empirical relationship between <x. and layer charge density. 
Monolayer, bllayer and pseudotrllayer complexes are all 
observed with smectite alkylammonium derivatives. The 
critical carbon chain length at which the mono-bilayer 
transition occurs (Figure 3) is used to determine layer 
charge density. The planar area occupied by flat lying 
alkylammonium cations is estimated as a function of carbon 
chain length, and assumed to equal the planar area per charge 
site on the clay for the critical transition chain length 
(Lagaly and Weiss, 1969). 
The alkylammonium method is an Independent determination 
of layer charge, because measurements of basal spacing by 
X-ray diffraction rather than chemical analyses are used. 
The presence of nonexpandlng minerals or other contaminants 
has little effect on the observed basal spaclngs. The 
sMayer 
< 
ZI 
Pseudotri layer 
0V/V/N/ 0s/\/\X ) ' - - < 
Paraffin-type 
Figure 2. Diagrammatic sketch of interlayer 
allcylammonium conformations 
(after Lagaly and Weiss, 1969) 
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261 
24 
22 
PSEUDOTRI LAYER 
20 
BILAYER 
14-
MONOLAYER 
ALKYLAMMONIUM CARBON CHAIN LENGTH 
Figure 3. Idealized variations in basal spacings of 
alkylammonium exchanged smectites and 
vermiculites (after Lagaly and Weiss, 1969) 
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results will be influenced by incomplete exchange of 
interlayer cations with the alkylammonium cations and 
incomplete drying of the prepared specimens. Carbon chains 
of alkylammoniums near the lateral edges of a clay may extend 
beyond the interlayer. This introduces a particle size 
effect, which may be removed if the average particle diameter 
is known (Lagaly et al., 1976; Stul and Mortier, 1974). The 
interlayer alkylammonium conformations shown in Figure 3 
represent only the major forms, a number of minor 
permutations occur (Lagaly and Weiss, 1973) and introduce 
some uncertainty in layer charge density determinations. 
Because these problems can be avoided and because the 
alkylammonium method does not require chemical analyses, it is 
increasingly being used to determine the layer charge density 
of expanding 2:1 phyllosilicates. 
Layer Charge Heterogeneity 
In the 1950s, evidence began to accumulate that 
seemingly homogeneous smectites actually had heterogeneous 
layer charge densities. Beavers and Larsen (1953) observed 
that Wyoming bentonite had several discrete electrophoretic 
mobilities. Byrne (1954) noticed a lack of regular 
periodicity along the c-axis of montmorillonite treated with 
dodecylamine and piperidine. He suggested that 
montmorillonites consist of a mixed layer sequence, with 
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components differing in chemical composition or in the 
presence of structural irregularities. McAtee (1958) 
separated natural bentonites by centrifugation and found 
one phase dominated by sodium and another by calcium and 
magnesium. He postulated that the two phases had differences 
in isomorphous substitution. Jonas and Roberson (1966) 
observed that smaller size fractions of Texas bentonite 
expanded more than larger size fractions. They interpreted 
this as evidence of a continuous variation in structural 
charge with particle size. Goulding and Talibudeen (1980) 
employed differential and integral thermodynamic functions in 
evaluating K-Ca equilibrium exchange isotherms and 
microcalorimetric measurements. Their analysis separated 
groups of homoenergetic exchange sites within a given clay 
specimen. Later, Talibudeen and Goulding (1983) found 
evidence of four main groups of exchange sites in six 
smectites. The swelling behavior of these clays was 
influenced by the proportions of the different groups of 
sites that each clay had. Hsieh et al. (1984) studied the 
expansion of eight smectites relative to ethylene glycol 
vapor pressure. They observed that expansion from 1.4 
to 1.7 nm occurs over a range of vapor pressures, which 
was interpreted as further evidence of layer charge 
heterogeneity. 
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The alkylammonium method has contributed to the 
characterization of layer charge heterogeneity. Due to 
heterogeneity, alkylammonium-exchanged smectites exhibit 
mono-bilayer transitions over a range of carbon chain lengths 
(Lagaly and Weiss, 1969). The apparent basal spacing of each 
transition sample is determined by the relative proportions 
of mono- and bilayers. Thus, by observing the changes in 
basal spacing associated with the mono-bilayer transition, 
Stul and Mortier (1974), separated the total layer charge of 
Wyoming bentonite into nine charge-density classes, ranging 
from 0.36 to 0.22 per formula unit. Lagaly and Weiss (1976) 
examined over 200 layer silicates by this technique and 
observed that most natural smectites have heterogeneous layer 
charge densities. 
Evidence of smectite heterogeneity accumulated by 
numerous researchers using a wide variety of techniques over 
three decades is in almost unanimous accord. Layer charge 
heterogeneity is the rule rather than the exception, even 
among reference clays. 
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Weathering and Layer Charge 
Layer charge density is one of the more dynamic 
properties of clay minerals. Jackson et al. (1952), Beavers 
et al. (1955)/ Dorste (1958), Glenn et al. (1960), Cody 
(1960), Dorste et al. (1962), Johnson et al. (1963), Fanning 
and Jackson (1965), Smillie and Curtin (1981) and many others 
have studied clay mineralogical transformations in soils. 
In general, these studies have found illites and chlorites 
weathering to smectites, often through a vermiculite 
intermediate. In most natural sequences the trend is 
towards a reduction in layer charge density with increased 
weathering. 
The weathering of mica to vermiculite is normally 
accompanied by a decrease in layer charge. The simplest 
explanation for this is the oxidation of structural ferrous 
iron (Gruner, 1934; Walker, 1949; Foster, 1962). Norrish 
(1973a), using structural formulas calculated on the basis of 
a -2 2 charge per formula unit, observed that the sum of the 
octahedral ferric iron and the layer charge of weathered 
micas equaled or exceeded the original layer charge of the 
unweathered micas. He concluded that layer charge reduction 
during weathering of micas to vermiculites is primarily due 
to the oxidation of ferrous iron. 
Sridhar and Jackson (1974), by contrast, studied a 
natural phlogopite-vermiculite-saponite weathering sequence 
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in Kansas. They observed a substantial decrease in layer 
charge (210 to 140 cmol (+) kg"^) which could not be 
attributed, to iron oxidation but appeared to result from a 
loss of tetrahedral A1 and Fe. They suggested that loss of 
layer charge on weathering was due to an authigenic 
recrystallization process where protonation of tetrahedral 
oxygens facilitates tetrahedral A1 and Fe removal and the 
addition of tetrahedral Si. 
There is substantial evidence indicating that iron 
oxidation is accompanied by stoichiometric hydroxyl 
deprotonation (Farmer et al., 1971; Ross and Rich, 1974; 
Veith and Jackson, 1974), a process which leaves the layer 
charge unchanged. Secondly, the structure and composition of 
most mica-derived smectites is substantially different from 
the parent micas. This suggests that iron oxidation alone 
cannot account for all the loss of layer charge during 
weathering and that some form of authigenic recrystallization 
is required. 
The same trend of decreasing layer charge has been 
observed during artificial weathering. White (1951) treated 
illite with cobalt nitrate and produced montmorillonite. 
Robert (1973) demonstrated that illites and glauconites could 
be transformed into smectites by a combination of potassium 
depletion and iron oxidation. Both authors observed 
vermiculite as an intermediate weathering product. 
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The artificial weathering of micas involves the 
replacement of interlayer potassium by hydrated cations. 
Potassium is released slowly from micas in contact with 
neutral salt solutions until an equilibrium is reached (Scott 
and Smith, 196 6; Rausell-Colom et al., 1965). However, the 
process can be taken nearly to completion if the solution 
potassium activity is kept low by either changing the 
solution frequently (Mortland, 1958) or precipitation as 
K-tetraphenylboron (Hanway, 1956; Scott et al., 1960; Scott 
and Reed, 1962a, 1962b). The K-depleted micas which result 
from this process are essentially vermiculites. As a result, 
the use of Na-tetraphenylboron has greatly enhanced the 
understanding of mica weathering. 
Some controversy remains over the impact of K depletion 
on layer charge density. Scott and Reed (1965), and Marques 
and Scott (1968), found no change in illite and muscovite 
layer charge with K depletion by Na-tetraphenylboron. By 
contrast, other investigators using different minerals, have 
reported a loss in layer charge during mica K depletion which 
cannot be accounted for by iron oxidation. 
Raman and Jackson (1966) studied layer charge changes 
during mica K depletion by treatment with 
Na-tetraphenylboron. They observed a larger increase in pH 
among samples than control solutions, suggesting a proton 
sink in the clay. Secondly, there was a greater reduction in 
19 
layer charge during K depletion than could be accounted for 
by ferrous iron oxidation. Finally, thermal analyses of the 
K-depleted micas showed a higher dehydroxylation weight loss 
than the corresponding parent micas. Based on this evidence 
they suggested that tetrahedral oxygens are protonated during 
weathering. This hypothesis is supported by Newman and Brown 
(1966)/ Newman (1967) and Leonard and Weed (1970). 
Leonard and Weed (1970) studied potassium release rates 
in a variety of micas treated with Na-tetraphenylboron. The 
eight muscovites were all low in iron yet exhibited 2 2 to 37% 
reduction in layer charge on weathering. 
Newman and Brown (1966) altered both di- and 
trioctahedral micas by extracting potassium with 
Na-tetraphenylboron and compared chemical analyses of the 
original and degraded micas. Structural formulas calculated 
on a -2 2 charge per formula unit basis showed an apparent 
substantial change in Si tetrahedral occupancy as a result of 
alteration. This was considered implausible, because Si;Al 
ratios remained nearly constant and it would require major 
structural reorganization. They recalculated the structural 
formulas by assuming that tetrahedral Si remained constant 
during alteration and allowing the anionic charge to vary. 
Their analyses suggested that during mica alteration some 
ferrous iron is oxidized, a few divalent octahedral cations 
are ejected and either structural hydroxyls are lost or 
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protons are adsorbed. The net result is a reduction in layer 
charge. 
Newman (1967), partitioned strongly adsorbed water and 
hydroxyl weight loss for two degraded phlogopites by a 
combination of thermpgravimetric and infrared analyses. In 
this way, he estimated structural hydroxyl content and then 
used an iterative approach to calculate structural formulas. 
His estimates indicated that during artificial weathering 
layer charge was reduced in excess of iron oxidation through 
the apparent protonation of tetrahedral oxygens. He 
suggested that tetrahedral A1 in excess of the ideal Si:Al, 
3:1, ratio may weaken the structure and allow protonation of 
tetrahedral oxygens. 
Iron Reduction and Layer Charge 
Ideally, reduction of structural iron in expanding 2:1 
phyllosilicates should directly increase the layer charge 
density. However, the work of Stucki and his colleagues 
indicates that the process is complicated by the loss of 
structural hydroxyls during reduction. Roth et al. (1969) 
reported that the layer charge of nontronite remained 
constant with the reduction of structural iron. By contrast, 
Stucki and Roth (1977) determined that nontronite exchange 
capacities increased linearly with iron reduction up to 53 
mmol of ferrous iron per 100 g, then remained constant with 
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further iron reduction. The observed increase in layer 
charge was easily reversible by exposure of the clay to 
oxygen. They proposed a two-step mechanism to explain these 
observations. Initially, layer charge increases directly 
with the extent of reduction; then above a ferrous iron 
content of 53 mmol per 100 g, the layer charge remains 
constant due to the elimination of structural hydroxyls. 
They suggested that the earlier work of Roth et al. (1969) 
was flawed in that no provisions were made to prevent 
reoxidation of structural iron during CEC determinations. 
Stucki et al. (19 84) followed up on the earlier work by 
studying the effects of reduction and reoxidation on the 
layer charge of four smectites. Reduction of structural iron 
again appeared to have a reversible effect on layer charge. 
In the Garfield nontronite, where the greatest amount of 
reduction occurred, the layer charge actually decreased after 
reaching a maximum. Finally, Lear and Stucki (19 85) used 
tritium to follow the effects of reduction and reoxidation on 
structural protons. They observed both uptake of solution H 
and a loss of structural H with iron reduction. The results 
were generally consistent with the earlier model and 
indicated that increases in layer charge caused by iron 
reduction are attenuated by loss of structural hydroxyls. 
However, the precise mechanism remains in question. 
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The Lithium Effect 
Montmorillonite layer charge may be lowered by a method 
based on the original observations of Hofmann and Klemen 
(1950). True montmorillonites (dioctahedral, 
octahedrally-charged smectites) irreversibly collapse when Li 
saturated and heated above 20 0°C. Lithium is apparently 
small enough and energetic enough at 200°C to penetrate the 
crystal lattice and occupy vacant octahedral sites. 
Presumably, the Li occupies vacant octahedra adjacent to 
sites of isomorphous substitution. The Li neutralizes the 
local negative charge with a resulting reduction in layer 
charge density. This mechanism has received general support 
(Hofmann and Klemen, 1950; Greene-Kelly, 1953, 1955; Schultz, 
1969). However, some controversy remains. Based primarily 
on infrared evidence, it has been suggested that Li ions may 
partially or even wholly migrate into the ditrigonal holes of 
the Si-0 tetrahedral network (Tettenhorst, 1962; Russell and 
Farmer, 1964; Farmer and Russell, 1967; Calvet and Prost, 
1971). 
Calvet and Prost (1971) observed the development of a 
dichroic infrared adsorption band at 3670 cm^ after heating a 
Li-Camp Berteaux montmorillonite. The dichroic nature of 
this adsorption band indicates that some of the originally 
inclined structural hydroxyls were reoriented perpendicular 
to the cleavage planes. This strongly suggests that at least 
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some Li migrates into vacant octahedral positions. However, 
they were unable to account for all the layer charge 
reduction by this mechanism, and suggested that Li also 
migrates into the ditrigonal holes. 
Greene-Kelly (1953, 195 5) proposed the use of heated 
Li-smectites as a definitive test for true montmorillonites. 
Lim and Jackson (1986) have refined the technique. 
Calvet and Prost (1971) and Brindley and Ertem (1971) 
demonstrated that the Li plus heat treatment could be used to 
prepare a series of nearly isostructural clays with different 
layer charge densities. Montmorillonites are prepared with 
varying fractions of Li and Na or Li and Ca on the exchange 
complex, then heated. Only the Li migrates into vacant 
octahedra and thus, the layer charge is reduced in proportion 
to the Li on the exchange complex. Reduced-charge 
montmorillonites prepared in this way have nearly the same 
structure and composition, and offer a unique means of 
studying the effects of layer charge density on clay 
properties. 
Brindley and Ertem (1971) investigated the swelling of 
reduced-charge montmorillonites with various polar organic 
solvents. Clementz and Mortland (1974) studied the surface 
and hydration properties of reduced-charge montmorillonites. 
They observed that all layers retain some exchangeable 
cations until the charge has been reduced by about half, when 
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collapsed layers begin to appear. Maes and Cremers (1977, 
1978, 1979) used reduced-charge montmorillonites to study the 
relationship between layer charge density and cation exchange 
selectivity. 
The Interlayer Anionic Field 
The two outstanding properties of smectites and 
vermiculites are the exchangeability of their interlayer 
cations and their ability to expand in the c direction by the 
intercalation of water or polar organic molecules. Both of 
these properties are dependent on the interlayer environment. 
The negative layer charge arising from isomorphous 
substitution is manifested in the interlayers as an anionic 
field. Ultimately, the interlayer environment is determined 
by a complex series of interactions involving this anionic 
field, the interlayer cations and the interlayer waters of 
hydration. 
The strength of the interlayer anionic field is 
described by Coulomb's law and thus must vary directly with 
layer, charge density. However, both the structure and 
composition of the framework silicate also influence the 
strength of the interlayer anionic field, and thus swelling 
and cation exchange phenomena. 
Evidence relating 2:1 phyllosilicate structure and 
composition to swelling and ion exchange properties has come 
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from the study of micas. Both laboratory and field 
observations indicate that trioctahedral micas release 
potassium more readily than dioctahedral micas (Bassett, 
1960; Scott and Smith, 1966; Norrish, 1973a). Serratosa and 
Bradley (1958) demonstrated that the protons of structural 
hydroxyls are oriented normal to the cleavage planes in 
trioctahedral minerals, but are shifted towards vacant 
octahedral sites among the dioctahedral minerals. Bassett 
(1960) suggested that trioctahedral micas hold potassium less 
tightly because of the proximity of hydroxyl protons. The 
importance of structural hydroxyls is further substantiated 
by oxidized biotites which hold potassium more tightly than 
unoxidized biotites (Barshad and Fawzy, 1968; Gilkes et al., 
1972). Upon oxidation it appears that some octahedral 
cations are ejected, which is accompanied by a shift in 
hydroxyl orientation (Juo and White, 1969; Gilkes et al., 
1972). Alternatively, Farmer et al. (1971), Ross and Rich 
(1974) and Veith and Jackson (1974) have argued that hydroxyl 
protons are lost during oxidation. Both mechanisms would 
strengthen the interlayer anionic field, resulting in greater 
potassium affinity. 
Kodama et al. (1974) compared a synthetic Al-free 
phlogopite whose layer charge resulted from vacant octahedra, 
and a synthetic tetrahedrally charged phlogopite. They 
concluded that hydroxyl orientation dominantly controls the 
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rate of potassium exchange, but that the source of charge is 
more important in controlling swelling. 
Fluorine, with the same charge and nearly the same 
radius as a hydroxyl, substitutes readily into hydroxyl 
lattice positions. Fluorine has the strongest 
electronegativity of all ions and lacks the dipolar character 
of hydroxyls. Fluorine-hydroxyl substitution results in an 
increase in potassium affinity (Bassett, 1960; Rausel1-Colom 
et al., 1965; D'yakonov and L'vova, 1967; Giese, 1975). 
Newman (1969), for example, found a strong correlation 
between fluorine content and the solution potassium 
concentration which inhibited further K release. Mackintosh 
et al. (1971) observed a direct relationship between 
potassium diffusion rates and fluorine content. 
In micas, hydroxyl orientation, fluorine-hydroxyl 
substitution and source of charge have been shown to 
influence cation exchange and swelling properties. It is 
possible that structural distortions, such as tetrahedral 
rotations also influence interlayer bonding energies (Giese 
1977). Controversy remains about the relative importance of 
these factors and even the directions of their influence. 
For example, Giese (1977), based on electrostatic 
calculations suggested that octahedrally charged micas 
exhibit a stronger attraction for interlayer potassium than 
tetrahedrally charged micas. 
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Among expanding 2:1 phyllosllicates there is less 
evidence for the influence of structure and composition on 
the interlayer anionic field strength. However, Harvard et 
al. (1969) observed that both the source (tetrahedral versus 
octahedral) and the amount of charge influenced the extent of 
vermiculite and smectite swelling. Doner and Mortland (1971) 
found water bonded with greater energy in tetrahedrally 
charged clays, and suggested a more localized charge on the 
silicate surfaces as a cause. Farmer and Russell (1967) and 
Swoboda and Kunze (1968) came to similar conclusions. 
Swelling and Layer Charge 
The initial hydration of expanding 2:1 phyllosilicates 
occurs in a series of steps, corresponding to the 
intercalation of discrete layers of water molecules (Bradley 
et al., 1937; Hendricks and Jefferson, 1938; Mering, 1946; 
Barshad, 1949, 1950). Barshad (1949) suggested that the 
packing arrangement of interlayer water may also influence 
both the extent of hydration and apparent basal spacings. 
Norrish (1954) and Norrish and Quirk (1954a, 1954b) noted 
that swelling in electrolyte solutions proceeds in a 
stepwise fashion up to about 2.0 nm (four layers of water 
molecules) and then jumps to about 4.0 nm. The sudden jump 
apparently results from a reversal in the role of the 
cation-surface forces. At spacings less than 2.0 nm, anions 
28 
are excluded from the interlayers, and the cations are 
generally positioned in the midplane between two adjacent 
layers. Electrostatic cation-surface interactions provide 
the energy of attraction between layers. At spacings greater 
than 4.0 nm, anions penetrate the interlayers and the 
interlayer ionic distribution forms an overlapping diffuse 
double layer. Under these conditions, the concentration 
gradient between the interlayers and the bulk solution 
results in an osmotic swelling pressure, which is opposed by 
frictional forces generated by edge-face bonding (Norrish, 
1973b). 
Norrish termed the initial hydration stage (zero to four 
layers of water molecules) the crystalline swelling range. 
Second range swelling (>4.0 nm) is generally restricted to 
Li-, Na- or freshly prepared H-smectites in water or dilute 
electrolyte solutions. Norrish and Rausel1-Colom (1963) also 
observed a second range of swelling by Li-vermiculite in 
dilute LiCl solutions. The vermiculite basal spacing 
remained near 1.5 nm until the electrolyte concentration was 
reduced to 0.15 molar then the basal spacing jumped 
explosively to 8.2 nm. Once in the second swelling range, 
the behavior of the vermiculite was nearly identical to that 
of montmorillonite. The interplanar spacing of both 
montmori1Ionite and vermiculite increased linearly with the 
inverse square root of the equilibrated solution electrolyte 
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concentration. The dependence on electrolyte concentration 
demonstrates that second range swelling is osmotically 
controlled. 
The effect of layer charge density on second range 
swelling appears minimal. Foster (1953, 1955) found no 
correlation between cation exchange capacity and degree of 
second range swelling in 12 montmorillonites. However, she 
did find a strong relationship between swelling and the 
degree.of octahedral substitution. This was supported by Low 
(19 80, 19 81), and Low and Margheim (1979), who argued that 
the clay surface acts as a template on which water molecules 
propagate. Thus, structure and composition of the framework 
silicate influence second range swelling but layer charge 
density does not. 
There is little doubt that crystalline swelling is 
influenced by layer charge density (Barshad, 1950; Hofmann et 
al., 1955; Harward et al., 1969; Brindley, 1966, Suquet et 
al., 197 7; Maes and Cremers, 19 82). Synthetic saponites, for 
example, exhibit discrete layer hydrates in the crystalline 
swelling range. They were studied over a wide range of layer 
charge, with six different interlayer cations and with water, 
ethylene glycol and glycerol as solvents. In each case, they 
exhibited an increasing tendency to collapse as the layer 
charge density increased (Suquet et al., 1977). 
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Maes and Cremers (1982) studied water desorption 
isotherms of reduced charge Ca- and Cu-montmorillonites. The 
amount of water adsorbed per exchangeable cation decreased 
with increasing layer charge density. However, the total 
amount adsorbed increased. They also observed an increase in 
apparent basal spacing with increasing layer charge density. 
They interpreted this as evidence for greater crystalline 
swelling with increasing layer charge. Their interpretation 
conflicts with the more generally accepted tendency of layer 
silicates to collapse with increasing layer charge density. 
However, their results may be an artifact of the use of 
reduced charge montmorillonites and apparent basal spacings. 
No effort was made to account for random interstratification 
of expanded and collapsed (1.0 nm) layers. Mixed layering 
was indicated by some of the reported basal spacings and 
could explain their observations. 
Modeling of Crystalline Swelling 
The interlayer forces controlling crystalline swelling 
have received considerable attention. Mooney et al. (1952a, 
1952b) attributed differences in water desorption isotherms 
to the effects of ionic hydration. They noted that the 
extent of hydration decreases with increasing size of the 
exchangeable cations. Posner and Quirk (1964) related 
changes in basal spacing within the crystalline swelling 
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range to both the size and hydration energy of the inter-
layer cations. It is generally accepted that the extent 
of crystalline swelling depends on a balance between the 
cation-surface electrostatic energy of attraction and the 
interlayer hydration energy (Norrish, 1954; Hurst and 
Jordine, 1964; Jordine et al. 1965; Van Olphen, 1965; 
Kittrick, 1969b; Maes and Cremers, 1982). 
Norrish (1954) suggested that the energy of attractive 
between two montmorillonite layers could be represented by 
a compromise between a model depicting the layers as thick 
plane conductors and one regarding the layers as condensers. 
He then considered the ratio of the calculated energy of 
attraction to the total hydration energy of the interlayer 
cations as an index of the potential for crystalline 
swelling. He found reasonably good agreement between the 
index and measured basal spacings. Van Olphen (1965) 
regarded the attractive forces between layers as primarily 
coulombic and estimated the energy of unit layer 
interaction from desorption isotherms. By this approach he 
estimated interlayer ionic hydration energies. Kittrick 
(1969b) argued that attractive forces could not be described 
accurately with electrostatic calculations, because the 
interlayer dielectric constant was known only within broad 
limits. Instead, he estimated the enthalpy of attraction 
between vermiculite layers using an equivalent anion 
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approach. For example, the lattice energy of NaBr was used 
as a Na-vermiculite analog. Qualitatively, Kittrick's 
estimates predict the expansion-contraction behavior of the 
vermiculite-alkali metal series. But this approach cannot 
account for intermediate crystalline swelling, because the 
layers are assumed to be either fully contracted or 
infinitely expanded. 
Hurst and Jordine (1964) and Jordine et al. (1965) have 
derived more complex electrostatic models to describe 
crystalline swelling. Among other aspects they have 
considered the influence of adjacent layers on the net 
electrostatic forces. However, the basic model balances the 
surface-cation electrostatic energy of attraction against the 
energy of interlayer hydration. 
The influence of layer charge density on the energy of 
attraction between layers is essentially the same in all of 
these models. As the layer charge increases the attraction 
energy increases. Three fundamental problems remain before 
balance-of-energy models will be able to predict crystalline 
swelling behavior. The interlayer permittivity (dielectric) 
is known only within broad limits. Second, the relationship 
between the energy of interlayer hydration and the extent of 
interlayer hydration is poorly understood. Third, the 
significance of adsorption-desorption hysteresis has not been 
addressed with respect to balance-of-energy models. 
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Adsorption-Desorption Hysteresis 
Adsorption-desorption hysteresis has been observed by 
many investigators (Van Olphen, 1965; Cillery, 1959; Messina, 
1964; Mooney et al., 1952b; Roderick, 1965; Zettlemoyer et 
al., 1955; Kittrick, 1969a). Hysteresis is evident in 
the hydration-dehydration behavior of clays and may be 
demonstrated both gravimetrically and by measuring basal 
spacings as a function of relative humidity. 
Early explanations of adsorption-desorption hysteresis 
based on capillary theory (Foster, 1932) are probably not 
ajjp-.- :able to clay systems, because they do not consider 
layer contraction and expansion. Barrer and MacLeod (1954) 
explained hysteresis in adsorption and desorption of various 
gasses on montmorillonite by suggesting that the adsorbate 
nucleated around the crystal periphery. Laffer et al. (196 6) 
explained hydration-dehydration hysteresis on the basis of 
structural rigidity. They argued that rigidity decreases 
with layer separation and it would therefore require less 
energy to remove a layer of water than to replace it. Van 
Olphen (1965) evoked elastic stress to explain the hysteresis 
phenomenon. He suggested that an initial wedge-like 
penetration of water molecules bends the unit layers and that 
resulting elastic forces must be overcome before hydration 
can proceed. 
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Hirst (1948) presented an explanation of hysteresis for 
rigid layers held together by surface forces. Initially, 
large attractive forces between layers prevent solvent 
penetration until a threshold sorption pressure is reached. 
The layers then separate and admit one layer of solvent. 
Further layer separation requires less energy because the 
attractive force between layers decreases with an inverse 
power of the separation distance. The sorption energy also 
decreases with expansion, and the next layer of solvent does 
not enter until relatively higher sorption pressures are 
reached. The attractive forces are weaker during desorption 
because the layers are initially separated. The layers 
cannot come together until the swelling pressure is reduced 
enough for the attractive forces to cause collapse. 
Kittrick (1969a) studied basal spacings of vermiculite 
and montmorillonite as a function of temperature. He 
observed abrupt changes in basal spacing at characteristic 
temperatures reflecting the gain or loss of one layer of 
interlayer water. The narrow temperature range over which 
the transitions occurred and the stability of a dehydrated 
sample left over night just above a critical temperature 
indicated an equilibrium-controlled process. Heat imparts 
kinetic energy to the interlayer water molecules facilitating 
interlayer dehydration. The transition temperatures are, 
therefore, a measure of the difference between the forces 
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of expansion and contraction. Kittrick (1969a) observed a 
pronounced hydration-dehydration hysteresis for all samples 
except Cs-montmorillonite. The magnitude of the hysteresis 
varied with the hydration energy of the interlayer cations 
and was generally more pronounced for vermiculite than 
montmorillonite. The hysteresis for the one-two layer 
transition was much less pronounced than that for the 
zero-one transition. These observations indicate that the 
attractive force is stronger at shorter layer separations. 
Kittrick's results lend support to Hirst's (1948) explanation 
of hysteresis, by demonstrating the basic energy 
relationships postulated. 
No matter which explanation of adsorption-desorption 
hysteresis we accept, from a thermodynamic perspective an 
activation energy must be exceeded before layer contraction 
or expansion can proceed. An alternative perspective is that 
the stepwise hydration or dehydration of 2:1 phyllosilicates 
is a sequence of phase transitions. The activation energy 
can then be described as the latent energy associated with a 
phase transition. This activation energy stabilizes the 
basal spacings over a limited range of swelling pressures. 
Thus in any balance-of-energy model the total swelling energy 
will only approximately equal the electrostatic energy of 
attraction, within the limits of the activation energy. 
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Cation Exchange Selectivity; Theoretical 
The prediction of cation exchange selectivity for 
smectites and vermiculites may be approached from two 
directions. The mass-action experimental approach requires 
measurement of exchange reactions that are allowed to reach 
equilibrium. Activity coefficients (Ï) of ions in the 
reaction solution can be estimated from the Debye-Huckel 
equation. Consider the following exchange reaction; 
ZbA^^+Bg^-Clay=ZaB^^+Ag^-Clay (1) 
The mass-action selectivity coefficient (Kc) is described by 
Equation 2. Where and are the reaction solution 
concentrations of cations A and B respectively; Za and Zb are 
the cation valences; and AX and BX represent the concentra­
tion of cations adsorbed on the clay. Mass-action 
selectivity coefficients are related to the thermodynamic 
exchange equilibrium constant (Ke) by the ratio of the 
activity coefficients of the ions on the adsorbed phase (f) 
as shown in Equation 3. 
fZb 
Ke=Kc—^— (3) 
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The thermodynamically rigorous exchange equilibrium 
expression does not predict a direct effect of layer charge 
density on selectivity. However, the standard state of the 
adsorbed cations must be defined before Equation 3 is of any 
value. Vanselow (1932) assumed that the activities of 
adsorbed cations were proportional to the mole fractions 
of those cations in the adsorbed phase (Equation 4). 
Mj^(AX)^'^(AX+BX)^^y 
Ke=—2. 2_ (4) 
(BX) (AX+BX 
With this assumption selectivity still does not depend on 
layer charge density for homovalent exchange, but does for 
heterovalent exchange. This can be demonstrated by setting 
Za=2 and Zb=l (Equation 5). The quantity AX+BX is the 
M, (AX)(AX+BX)y^ 
Ke=-5 £. (5) 
M (BX)^/ 
a a 
exchange capacity of the clay expressed in moles of adsorbed 
cations. With increasing exchange capacity, the divalent 
cation should be increasingly preferred. 
38 
Gaines and Thomas (1953) chose homoionic clays in 
equilibrium with an infinitely dilute solution as the 
reference state for the adsorbed cations (f =1 for X =1 and 
3. 3, 
f =1 for X =1 at infinite dilution, where X and X, are the b b a b 
adsorbed phase mole fractions of cations A and B, 
respectively). Then, they derived an expression for an 
average selectivity coefficient, Ka, by integrating the 
mass-action selectivity coefficient from X =0 to X ==1 
(Equation 6). Where and are the moles of interlayer 
In(Ka) = (N.-N )ln(P/P°)+ (^ln(Kc)dX, (6) 
Da VQ a 
water when the clay is in the homoionic A and B forms, 
respectively. P/P" is the vapor pressure of the solution 
relative to that of pure water. 
Several assumptions are required in the Gaines-Thomas 
(1953) approach. First, the valence of both cations must be 
one. Second, the interlayer water content of the homionic A 
and B clays must be constant. Third, the vapor must obey the 
ideal gas law. The equation explicity considers changes in 
molarity of the interlayer water. However, this is often 
neglected in practice by assuming N^=N^ (Eberl, 1980). Any 
variation in Kc with X^ is assumed to reflect variation in 
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the adsorbed ion activity coefficients. The main advantage 
of the Gaines-Thomas approach is the ability to estimate an 
average selectivity coefficient from experimental data, which 
is often used as an equilibrium constant in estimating 
thermodynamic properties. 
The mass-action experimental approach to exchange 
selectivity is inherently nonmechanistic and may be related 
to ion exchange only on a macroscopic scale. The other 
approach to the prediction of exchange selectivty is 
mechanistic, but involves the loss of thermodynamic rigor. 
Much of the current mechanistic understanding of the 
relationship between layer charge density and ion selectivity 
is based on diffuse double layer (DDL) theory. DDL theory 
describes the ion distribution in solution as a function of 
distance from a charged surface; the ions are considered 
point charges and the surface charge is assumed to be spread 
uniformly over a planar surface of infinite extent. The 
theory balances the electrostatic attraction/repulsion forces 
between solution ions and the surface charge against the 
tendency of the ions to diffuse along a concentration 
gradient. The result is the Boltzman equation (Equation 7). 
-Zer 
= exp- X 
kT 
(7) 
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is the concentration of the ions at a distance X from 
the surface; is the concentration of the ions in bulk 
solution; Z is the valence; e is the unit electronic charge; 
is the electrical potential at X; k is the Boltzman 
constant; and T is the absolute temperature. 
In its original form, DDL theory does not distinguish 
between ions of like charge. However, it does predict 
selectivity differences for heterovalent exchange. This 
was demonstrated by Eriksson (1952) and Bolt (1955b), 
using DDL theory to develop the Eriksson or double layer 
equation for mono- divalent exchange (Equation 8). 
the surface charge neutralized by the monovalent cation; Ml 
and M2 are the activities of the mono- and divalent cations 
in solution, respectively; <3 is a constant; and vd is 
Cosh(exp(ZeY/kT). The Eriksson equation is easily solved for 
highly dispersed systems where interparticle distances can be 
assumed infinite, and hence diffuse double layers do not 
overlap. Under these conditions the value of vd for the 
midplane potential between two plates approaches one. From 
( 8 )  
Where cr is the surface charge density; is the fraction of 
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strictly coulombic considerations, the Eriksson equation 
predicts increasing selectivity for the divalent cation as 
surface charge density increases. 
There have been many refinements of DDL theory designed 
to account for ion specificity. Shainberg and Kemper (1966) 
considered ionic hydration in partitioning ions between the 
Stern layer and the diffuse double layer. Nir (1986) and Nir 
et al. (1986) used binding coefficients to assess the amount 
of tightly bonded cations. The tightly bonded cations 
partially neutralize the surface charge and reduce the 
surface potential. Nir's (19 86) model considers the 
concentration of surface charge sites as it affects the 
depletion of cations from solution. But the model was 
designed primarily to account for the concentration of clay 
in the suspension rather than the effects of surface charge 
density. 
DDL theory has been useful in understanding the behavior 
of clay systems. However, the basic model is flawed, because 
ionic hydration is not explicitly considered. By contrast, 
Eisemnan's (1962) theory provides a direct basis for 
understanding the influence of hydration on exchange 
selectivity. His theory differs from other theories in 
considering hydration energetics rather than hydrated ionic 
radius or volume; and in recognizing that interactions 
between hydration energy and electrostatic attraction are the 
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primary cause of affinity reversals (changes in the relative 
preference that an exchanger exhibits for two ions as the 
adsorbed phase ionic composition changes) (Reichenberg, 
196 6). Eisenman argues that the free energy of exchange, 
AG , is a combination of coulombic and hydration free energy 
terms (Equation 9). AG^(A) and AG^(B) represent the 
AGg^=(AG^(A)-AG^(B))-(AG^(A)-AG^(B)) (9) 
coulombic energy of attraction between adsorbed ions (A and 
B) and the charged surfaces. AG^(A) and AG^^B) represent the 
free energy required to remove or rearrange waters of 
hydration when moving solution ions to the adsorbed phase. 
The model was developed to explain the specificity of ion 
selective electrodes, but has been directly applied to clays 
(Eberl, 1980). 
Cation Exchange Selectivity: Experimental 
Despite its obvious importance there have been 
relatively few studies of expanding 2:1 phyllosilicates 
documenting the relationship between layer charge density and 
cation exchange selectivity. Tabikh et al. (1960) presented 
data for Na-K exchange on three montmorillonites. Their data 
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suggested increased K selectivity with increasing cation 
exchange capacity. Maes and Cremers (1977, 1978, 1979) have 
undertaken a more thorough study of the layer charge-exchange 
selectivity relationship. Their studies primarily used 
reduced-charge montmorillonites, prepared by taking advantage 
of the Hofmann-Klemen (1950) effect as suggested by Brindley 
and Ertem (1971). Reduced-charge montmorillonites are nearly 
isostructural and can be prepared over a range of layer 
charge densities. By using reduced charge montmorillonites, 
the effect of layer charge can be distinguished from other 
structural and compositional factors that might influence 
selectivity. 
A strong linear relationship was observed between 
-ln(Kex) and layer charge for homovalent (Na-Cs) exchange 
(Maes and Cremers, 1978). With increasing layer charge the 
lesser hydrated Cs was increasingly preferred. This is 
consistent with Eisenman's (1962) model and demonstrates the 
importance of both layer charge and cation hydration energy 
in controlling exchange selectivity. 
Maes and Cremers (1977) also investigated heterovalent 
(Na-Ca) exchange selectivity. They observed a strong linear 
relationship between -ln(Kex) and layer charge. Divalent Ca 
was increasingly preferred as the layer charge increased. 
Their data agreed qualitatively with predictions based on 
diffuse double layer theory (Eriksson equation). In a later 
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review, Maes and Cramers (1979) suggested that the apparent 
agreement with diffuse double layer theory may have been 
largely coincidental because the predictions were based on 
purely electrostatic considerations and the results suggested 
a strong ion-solvent interaction. 
The purely electrostatic considerations inherent to 
diffuse double layer theory cannot explain the observations 
of Sawhney (1969a), who studied heterovalent (K-Ca and Cs-Ca) 
exchange selectivity. He observed decreased Ca affinity as 
layer charge increased among smectites and vermiculites. The 
apparent contradiction between the data presented by Sawhney 
(1969a) and Maes and Cremers (197 7), can only be explained by 
an interaction between layer charge density and ionic 
hydration. 
Both Norrish (1954) and Barshad (1950) determined basal 
spacings of Ca- and K- clays immersed in water. The clays 
they studied are listed (Table 2) in order of decreasing 
layer charge. Their results illustrate both the tendency of 
clays to contract as layer charge increases, and the relative 
effects of K and Ca on the clay under exchange reaction 
conditions. By contrast, Na-smectites in dilute electrolyte 
solutions, expand beyond the crystalline swelling range 
(Norrish, 1954). Thus, during K-Ca exchange reactions the 
layers contract as the interlayer Ca decreases and during 
Na-Ca exchange reactions the layers expand as interlayer Ca 
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Table 2. Basal spacings of K and Ca saturated 
clays immersed i.n water 
Basal spacing (nm) 
Clay Source K-clay Ca-clay 
Vermiculite no. 2 Barshad, 1950 1.06 1.54 
Otay montmorillonite Barshad, 1950 1.32 1.79 
Wyoming bentonite Norrish, 1954 1.50 1.89 
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decreases. Sawhney (1969a, 1969b) concluded that the 
tendency of clays to collapse as layer charge increases has a 
marked effect on selectivity and results in increased 
selectivity for the cations that induce the collapse. 
Dolcater et al. (1968, 1972) studied K selectivity in 
soils. They stressed the importance of both layer charge 
density and "wedge sites" or "frayed edges" in controlling K 
selectivity. Wedge sites are assumed to exist along the 
margins of contracted illites. Cations with large hydrated 
radii are sterically hindered from entering wedge sites 
hence, these sites favor cations with small hydrated radii 
such as K. 
Hutcheon (196 6) estimated entropy and enthalpy changes 
resulting from changes in interlayer cation hydration during 
Ca-K exchange. His estimates further illustrate the 
thermodynamic importance of interlayer hydration in 
controlling heterovalent exchange selectivity. 
Based on the work of these and other authors it is 
evident that an interaction between ionic hydration and layer 
charge effects controls the exchange selectivity of expanding 
2:1 phyllosilicates. To date, Eberl (1980) is the only 
author who has attempted to address this interaction. He 
treated the cation-clay-interlayer water system as an alkali 
halide-interlayer water solution of a given molarity. He 
estimated the free energy of exchange as a function of both 
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interlayer molarity and layer charge. His calculations 
suggest that selectivity for a lesser hydrated cation 
increases as interlayer water decreases and as layer charge 
density increases. 
Cation Exchange Hysteresis 
Hysteresis is common to many cation exchange reactions 
involving smectites and vermiculites. The phenomenon may be 
defined as an exchanger failing to attain the same adsorbed 
ionic composition when approached from different directions 
under identical final conditions. An early study of exchange 
hysteresis on clays was undertaken by Vanselow (1932). He 
observed a marked hysteresis for Ca-NH^ exchange on 
bentonites. Samples shaken seven days at 75*C exhibited only 
slightly less hysteresis than samples shaken five hours at 
room temperature. Another set of samples shaken for two days 
at 75"C then five additional days at room temperature, 
exhibited nearly the same magnitude of hysteresis as those 
shaken for just five hours. By contrast, Vanselow detected 
no hysteresis for Ba-Ca exchange on the same clay. He 
suggested that an exchange hysteresis is inherent in exchange 
reactions on clays and may be related to some phase of the 
crystal structure but otherwise offered no explanation of the 
phenomenon. 
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Tabikh et al. (1960) compared montmorillonlte cation 
exchange hysteresis between "wet" (dispersed) and "dry" 
(aggregated) systems. Reactions in the wet systems exhibited 
no hysteresis while the corresponding dry systems showed a 
marked hysteresis. The wet systems, they suggested, 
represented a homogeneous adsorbent phase while the dry 
systems have both external fully hydrated exchange surfaces 
and interlayer partially dehydrated exchange surfaces, and 
thus represent a heterogeneous adsorbent phase. They 
concluded that hysteresis is not an inherent part of exchange 
reactions but rather is induced by the aggregation of clays. 
Van Bladel and Laudelout (1967) observed distinct 
heterovalent (Mg-NH^ and Ba-NH^) exchange hysteresis for Camp 
Berteaux montmorillonite. They studied the effect of 
reaction solution concentration on hysteresis magnitude. 
Upon plotting the log of Gaines-Thomas selectivity 
coefficients against the square root of the reaction solution 
concentration they observed a linear convergence of the 
selectivity coefficients at infinite dilution. Thus they 
argued that ion exchange hysteresis would be eliminated if 
exchange reactions could be conducted in infinitely dilute 
solutions. They attributed exchange hysteresis primarily to 
the imperfection of clay dispersion. 
With low and intermediate zinc or colbalt occupancy on 
Na-montmorillonite, the adsorption of these divalent cations 
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was reversible for pH values less than six. At high 
occupancy, some of these divalent cations were irreversibly 
fixed, but could be desorbed by lowering the pH. This 
evidence lead Maes and Cremers (1975) to conclude that 
exchange hysteresis may involve specific adsorption of 
divalent cations by structural hydroxyls or hydroxy aluminum 
compounds. 
In general, exchange reactions involving one strongly 
hydrated and one weakly hydrated cation exhibit the most 
pronounced hysteresis (Newman, 1970). Reactions involving 
two divalent, strongly hydrated cations exhibit little or no 
hysteresis. The extent of clay dispersion also influences 
reaction reversibility. These factors suggest that changes 
in interlayer ionic hydration are the primary cause of ion 
exchange hysteresis. However, the work of Maes and Cremers 
(1975) indicates that site specific adsorption may also be 
important. 
Explanation of Dissertation Format 
The results of this dissertation are presented in six 
sections. Section I describes the relationship between 
crystalline swelling and ion exchange selectivity. Section 
II presents a method for determining relative interlayer 
anionic field strength in expanding 2:1 phyllosilicates. 
Section III compares two methods of determining layer charge 
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density and characterizes both layer charge and anionic field 
strength heterogeneity for twelve clays. Section IV 
documents the presence of basal hydroxyls in Llano 
vermiculite and presents evidence for the influence of basal 
hydroxyls on interlayer hydration and potassium affinity. 
Section V presents evidence that the expansion of soil 
illites by alkylammonium cations limits the use of the 
alkylammonium method for layer charge determinations. 
Section VI characterizes the layer charge density and layer 
charge heterogeneity of soil smectites. 
The sections are in the form of journal articles. 
Portions of the material in Sections II, VI and V were 
reported at the 19 84, 1985 and 1986 annual meetings of the 
American Society of Agronomy respectively. The results are 
preceded by a general introduction and followed by a brief 
summary of general conclusions. All references cited are 
listed in Literature Cited which follows the general 
conclusions. Appendices containing additional data follow 
the literature citations. 
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SECTION I. RELATIONSHIP BETWEEN CRYSTALLINE 
SWELLING AND CATION EXCHANGE 
SELECTIVITY 
52 
INTRODUCTION 
Cation exchange selectivity is one of the most important 
properties of 2:1 phyllosilicates; however, the mechanisms 
which control this property are poorly understood. One 
approach to the understanding of cation exchange selectivity 
is based on diffuse double layer (DDL) theory. The theory 
describes ions as point charges and thus, does not 
distinguish between ions of like charge. This is a major 
problem with DDL theory and has led to numerous modifications 
(Stern, 1924; Bolt, 1955a, 1955b, 1979; Shainberg and Kemper, 
1966). Neal and Cooper (1983), for example, assumed that an 
ion could come no closer to a charged surface than its 
hydrated radius. With this assumption they obtained a 
reasonable fit between observed and theoretical data. Nir 
(1986), by contrast, used specific binding coefficients to 
account for selectivity. For a given clay, DDL theory can be 
adjusted to predict ion specificity. However, difficulties 
persist in adapting DDL theory on a general basis to explain 
selectivity. For heterovalent exchange, DDL theory predicts 
increasing preference for the higher charged cation as layer 
charge density increases (Eriksson, 1952; Bolt, 1955b). 
Qualitatively, this relationship has been demonstrated for 
Na-Ca exchange with montmorillonite (Maes aind Cremers, 1977). 
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However, the opposite relationship is observed for K-Ca 
exchange (Sawhney, 1969a). 
Norrish (1954) noted that 2:1 phyllosilicates in 
electrolyte solutions initially expand in a series of 
discrete steps up to about 2.0 nm, four layers of water 
molecules. He termed this the crystalline swelling range 
(d 001 between 9.4 and 2.0 nm). Li-, Na- or freshly prepared 
H-smectites in water or dilute electrolyte solutions expand 
beyond 2.0 nm; anions penetrate the interlayers and 
overlapping diffuse double layers exist between the layers. 
In all other smectite-interlayer cation-solution systems the 
layers remain contracted within the crystalline swelling 
range. DDL theory is simply not applicable for cations 
constrained by these partially contracted layers. 
Assuming that an average clay unit has five to ten 
coordinated layers, then 80 to 90% of the permanent charge is 
manifested within the interlayers of partially contracted 
layers. At most 20% of the exchangeable cations are external 
and potentially involved in the DDL system. Therefore, DDL 
theory appears to be an inappropriate model on which to base 
a mechanistic understanding of cation exchange selectivity 
for most smectite and vermiculite systems. 
Another approach to cation exchange selectivity is based 
on Eisenman's (1962) theory, which was developed to explain 
the behavior of ion-selective electrodes. Eisenman argues 
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that the free energy of exchange (AG^^) is a combination of 
coulombic and hydration effects. Eberl (1980) applied 
Eisenman's theory to 2:1 clays, for the exchange reactions 
between Cs and other alkali cations. To do so, he assumed 
that Cs was unhydrated both in solution and when adsorbed on 
a clay. However, he was unable to use the Eisenman approach 
for partially hydrated 2:1 clays, because the hydration 
states of partially hydrated interlayer cations are unknown. 
Instead, he assumed that the interlayer water in a 2:1 clay 
was analogous to water in a concentrated alkali halide 
solution. With this assumption he was able to estimate 
as a function of both interlayer molarity and layer charge. 
Preference for the lesser hydrated cation increased as 
interlayer water decreased and as layer charge density 
increased. Eberl*s (1980) results demonstrate a theoretical 
link between interlayer hydration and exchange selectivity. 
For a 2:1 clay equilibrated with an electrolyte 
solution, the extent of interlayer hydration is related to 
the degree of crystalline swelling. This suggests an 
interactive system where the forces that control crystalline 
swelling are related to those that control exchange 
selectivity. The intent of this investigation is to 
demonstrate experimentally a relationship between crystalline 
swelling and exchange selectivity and to suggest a 
theoretical model for understanding this relationship. 
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MATERIALS AND METHODS 
Synthetic Li-fluorohectorite supplied by Armstrong World 
Industries was used in this investigation. A total elemental 
analysis was performed by inductively coupled plasma-atomic 
emission spectroscopy (Spiers et al., 1983). The original 
Li-fluorohectorite was washed four times in distilled water 
to remove excess salt. The sample was air dried and ground 
in an agate mortar to pass a 150 micron sieve. Duplicate 
0.10 g samples were sonified for 1 minute in 100 ml of 1% 
HNOg to prepare suspensions that were aspirated directly into 
the ICP-AES. 
Barium-magnesium exchange isotherms were determined for 
both the forward and reverse reactions. To do so, stock Ba-
and Mg-saturated samples were prepared by four sequential 
centrifugal washings of the original Li-fluorohectorite 
(~2 g) in 30 ml of 1.0 M BaClg and MgClg, respectively. 
The clays were washed free of AgNO^-detectable CI by eight 
centrifugal washings in distilled water. The Ba- and 
Mg-clays were air dried and ground in an agate mortar until 
they passed a 150 micron sieve. Exchange reactions were 
conducted with 0.10 g of clay in 100.00 ml of 0.100 M mixed 
BaClg-MgClg solutions. The samples were equilibrated for 
three days at room temperature in a mechanical shaker. 
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Following equilibration, a portion of each sample was 
transferred to ceramic tiles for X-ray diffraction analyses. 
Sample orientation was facilitated by suction and the 
application of slight pressure with a spatula. Care was 
taken to prevent clay dehydration during tile preparation. 
After the tiles were removed from the suction apparatus 
equilibration solution was added so that a thin solution film 
was visible on the surface of the oriented specimens. X-ray 
diffraction analyses were thus performed with the clays in 
direct contact with the equilibration solutions. All XRD 
traces were obtained using CuKex radiation and a General 
Electric XRD-6 diffractometer equipped with a Ni filter and a 
focusing monochromator. 
Another portion of each sample was transferred to a 
Millipore filter, rinsed with three 50 ml aliquots of 
distilled water and oven dried (110°C -75 kPa vacuum, 3 
days). The samples (50 mg) were digested with 5 ml 48% 
hydrofluoric acid (Lim and Jackson, 1982); and Ba was 
determined by wavelength dispersive X-ray fluorescence 
spectroscopy. A General Electric SPG-3 spectrometer equipped 
with a LiF dispersive crystal and a gas flow proportional 
counter was employed. The use of liquid samples and 
standards prepared with the same background levels of HF and 
HgBO^ eliminated potential matrix problems. Analyses were 
performed in a -75 KPa vacuum which greatly increased 
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sensitivity without forming excessive bubbles in the liquid 
samples. The spectrometer was positioned on the BaL<xl peak 
and the time required for 100 counts was averaged over ten 
determinations. The Ba exchange capacity was determined by 
the same analytical technique using duplicate 50 mg samples 
of the stock Ba-fluorohectorite. 
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RESULTS 
Results of duplicate elemental analyses of the 
Li-fluorohectorite are presented in Table 1. Based on these 
results, the following structural formula was calculated; 
"o.70^®^3.94^ ^ ^^2.44^^0.56^°9.9^2.1 
X-ray diffraction patterns of the Ba- and Mg-forms of 
the fluorohectorite are presented in Figure 1. The Ba-form 
exhibited eight rational OOf reflections, and the Mg-form 
exhibited ten. The basal spacings of the Ba- and Mg-forms 
are 1.57 and 1.81 nm, respectively. It is clear that both 
forms are highly ordered systems, however, the Ba-form has 
two discrete layers of interlayer water while the Mg-form has 
three. This means that during a Ba-Mg exchange reaction a 
monolayer of interlayer water must be either intercalated or 
ejected, depending on the direction in which the reaction is 
proceeding. 
Figures 2a, 2b, 3a and 3b present X-ray diffraction 
patterns of fluorohectorite samples that were equilibrated 
with various mixed 0.100 M BaClg-MgClg solutions. Regardless 
of the direction in which the exchange reaction is 
proceeding, the 1.8-1.6 nm basal spacing transition is 
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Table 1. Elemental analysis 
of synthetic Li-
fluorohectorite 
PERCENT OXIDE 
SAMPLE NO. 
OXIDE D3 D28 
0.111 0.119 
CaO 0.411 0.438 
Pe^O, 0.151 0.143 
MgO 27.6 27.5 
MnO 0.005 0.005 
SiO^ 66.3 66.2 
TiOg 0.000 0.000 
ZnO 0.016 0.016 
Li^O 5.27 5.41 
Na^O 0.113 0.153 
K2O 0.000 0.019 
F* 10. 58 
^Fluoride analysis provided 
by Armstrong World Industries. 
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Figure 2a. X-ray diffraction patterns of Ba-
fluorohectorite equilibrated with 
mixed Ba/Mg 0.100 M chloride solutions 
(equilibration solution Ba mole fraction 
listed at left, range settings; 50 000 
cps for 001 reflections, 2000 cps for 
higher order reflections) 
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Figure 2b. X-ray diffraction patterns of Ba-
fluorohectorite equilibrated with mixed 
Ba/Mg 0.100 M chloride solutions 
(equilibration solution Ba mole fraction 
listed at left, range settings; 20 000 
cps for 001 reflections, 2000 cps for 
higher order reflections) 
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Figure 3a. X-ray diffraction patterns for Mg-
fluorohectorite equilibrated with mixed 
Ba/Mg 0.100 M chloride solutions 
(equilibration solution Ba mole fraction 
listed at left, range settings; 50 000 
cps for 001 reflections, 2000 cps for 
higher order reflections) 
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Figure 3b. X-ray diffraction patterns of Mg-
fluorohectorite equilibrated with mixed 
Ba/Mg 0.100 M chloride solutions 
(equilibration solution Ba mole fraction 
listed at left, range settings; 20 000 
cps for 001 reflections, 2000 cps for 
higher order reflections) 
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restricted to a Ba solution mole fraction (X* ) range of 0.3 
to 0.5. Across this transition irrational higher-order OOf 
XRD reflections were observed, indicating random 
interstratification of the 1.6 and 1.8 nm forms. 
Table 2 presents the Ba concentration determined for 
each sample by X-ray fluorescence spectroscopy; results for 
duplicate analyses of the stock Ba-fluorohectorite are also 
included. These results indicate an average exchange 
capacity of 70.6 cmol (Ba ) kg" , which was used to 
calculate the adsorbed phase Ba mole fraction (x" ) for each 
sample. Table 3 summarizes the data. 
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Table 2. Ba adsorbed by fluorohectorite equilibrated 
with 0.100 M mixed MgCl2/BaCl2 solutions 
Equilibration 
Solution Mole mmol Ba per gram clay 
Fraction Ba Mq-fluorohectorite Ba-fluorohectorite 
0.100 0.109 0.164 
0.150 0.209 0.197 
0.200 0.239 0.275 
0.250 0.297 0.330 
0.300 0.349 0.369 
0.350 0.375 0.451 
0.400 0.413 0.497 
0.450 0.500 0.554 
0.500 0.547 0.562 
0.600 0.564 0.572 
0.700 0.584 0.626 
0.800 0.621 0.657 
0.900 0.638 . 0 .666 
Stock Ba-fluorohectorite Sample A 0.702 
Stock Ba-fluorohectorite Sample B 0.710 
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Table 3. Adsorbed mole fraction Ba and apparent 
basai spacing of Ba- and Mg-fluorohectorite 
equilibrated with 0.100 M mixed MgCl2/BaCl2 
solutions 
Ba-fluorohectorite Mq-fluorohectorite 
xAa XËa d(OOl) nm XËa d(OOl) nm 
0.100 0.232 1.77 0.155 1.80 
0.150 0.278 1.76 0.295 1.77 
0.200 0.390 1.76 0.338 1.76 
0.250 0.468 1.76 0.421 1.76 
0.300 0.523 1.75 0.494 1.75 
0.350 0.639 1.71 0.530 1.73 
0.400 0.703 1.68 0.585 1.71 
0.450 0.784 1.61 0.708 1.68 
0.500 0.796 1.57 0.774 1.61 
0.600 0.810 1.57 0.798 1.58 
0.700 0.887 1.55 0.827 1.58 
0.800 0.930 1.56 0.879 1.56 
0.900 0.943 1.55 0.904 1.55 
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DISCUSSION 
A slight hysteresis is evident in both the exchange 
isotherm (Figure 4) and the relationship between d 001 and 
(Figure 5). However, the relationship between d 001 and 
(Figure 6) is essentially free of hysteresis. This 
suggests that the isotherm hysteresis may have resulted from 
a failure to achieve true equilibrium even after three days 
of equilibration. Regardless of the cause, the isotherm 
hysteresis is minimal, and the exchange reaction may be 
considered nearly reversible. 
The influence of the 1.6-1.8 nm transition on the 
exchange isotherm is clearly evident. A sharp change in the 
slope of the isotherm (x' =0.5, Figure 4) corresponds to the 
solution Ba mole fraction where layer contraction is 
essentially complete (Figure 5). A more subtle change in the 
isotherm slope (Xg^=0.3, Figure 4) marks the beginning of 
layer contraction. 
Cation exchange selectivity may be expressed as a 
rational selectivity coefficient (Kr). To reduce noise, 
Vsa 
values of Kr were calculated from values of Xg^ and Xg^ 
73 
0-1 
z 0.2-
0.4-
0.6-
û 0.8-
0.2 0 0.6 04 1.0 0.8 
SOLUTION MOLE FRACTION Ba 
Figure 4. Ba/Mg exchange isotherms for Ba-fluorohectorite 
(closed circles) and Mg-fluorohectorite (open 
circles) 
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Figure 5. Relationship between basal spacing and the 
equilibration solution Ba mole fraction for 
Ba-fluorohectorite (closed circles) and 
Mg-fluorohectorite (open circles) 
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Figure 6. Relationship between basal spacing and the 
adsorbed Ba mole fraction for Ba-fluorohectorite 
(closed circles) and Mg-fluorohectorite (open 
circles) 
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predicted by the smooth curves drawn through the isotherm 
data points in Figure 4. Three distinct selectivity regions 
are evident from the relationship between -ln(Kr) and 
(Figure 7). Throughout region one (X" <0.55), the clay is 
expanded to the 1.8 nm form and -ln(Kr) remains nearly 
constant. In the second region (0.55<X" >0.77), there is a 
rapid increase in Ba preference, this region corresponds to 
the 1.8-1.6 nm form transition (Figure 6). In the third 
selectivity region (X" >0.77), the clay is contracted to the 
bh 
1.6 nm form; and a rapid decrease in Ba preference is 
observed. These data demonstrate the existence of a 
relationship between cation exchange selectivity and the 
extent of crystalline swelling. 
The influence of crystalline swelling on exchange 
selectivity may be predicted from the hydration and 
electrostatic forces that control these two processes. 
Consider the exchange reaction between two divalent cations A 
and B (Equation 2). Cation A is associated with n' waters 
A^'*'(H^0)^,+B(H^0)^,-Clay=B^'^(H20)^,+A(H^0)^„-Clay+(n'+m"-n"-m')H20 (2) 
of hydration in solution and n" waters of hydration when 
adsorbed in the clay interlayer. Cation B has m' and m" 
waters of hydration in the solution and interlayer phases, 
respectively. Following Eisenman's (1962) theory, the 
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Figure 7. Relationship between the rational selectivity-
coefficient and the adsorbed Ba mole fraction 
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free energy of exchange (AG^^) for this reaction is 
represented by Equation 3. AG^(A) and AG^(B) represent the 
AGg^= (AG^(A)-AG^(B))-(AGj^(A)-AGj^(B)) (3) 
electrostatic energy of attraction between the interlayer 
cations and the charged siloxane surfaces. AG^(A) and AG^(B) 
represent the free energy required to remove or rearrange 
waters of hydration when moving the cations from the bulk 
solution to the interlayer. 
Crystalline swelling is controlled by a balance between 
the same electrostatic and hydration energies. The coulombic 
interaction between the interlayer cations and the negatively 
charged siloxane surfaces provides the dominant energy of 
attraction (AG^^) between layers (Norrish, 1954; Van Olphen, 
1965; Kittrick, 1969b; Maes and Cremers, 1982). For a clay 
with both divalent cations A and B on the interlayer exchange 
sites, AG^^ is expressed by Equation 4. 
AGat  =  x j ;AGc(A)+XgAGc(B)  (4 )  
Opposing the electrostatic energy of attraction is the 
energy of interlayer swelling (AG^^); which may be divided 
into the energy of hydration for the interlayer cations 
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(AGj^(A) and AGj^(B)) and that for the negatively charged 
A G s w = x l A G h l A ) + x ; A G h { B )  +  ( c s )  ( 5 )  
surface sites (AG^(cs)). Equation 5 assumes that uncharged 
interlayer surfaces do not contribute significantly to the 
total interlayer energy of hydration. 
If crystalline swelling were a continuous rather than a 
discrete process. Equations 4 and 5 could be set equal and 
solved for the basal spacing at which the attraction and 
swelling energies are balanced. However, only basal spacings 
corresponding to a discrete number of water molecule layers 
are possible. Thus, an activation energy (AG ) must 
stabilize the various layer hydrates. Expansion occurs when 
AG >AG .+AG and contraction when AG ,>AG +AG . The 
sw at av at sw av 
activation energy may be viewed as the latent energy 
associated with a phase transition. 
A quantitative solution to Equations 3, 4, and 5 remains 
elusive for several reasons. First, the permittivity of the 
interlayer water is known only within broad limits (Kittrick, 
1969b) and probably varies with the extent of interlayer 
hydration (Helmy and Natale, 1985). Second, AG^(i) depends 
on the extent to which "i" is hydrated in the interlayers. 
It is reasonable to assume that AG^^ increases as the 
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interlayers become less hydrated (d 001 decreases). However, 
a quantitative understanding of this relationship does not 
exist at present. Third, the activation energy which 
stabilizes the various layer hydrates must be considered in 
balancing the attraction and expansion energies which control 
crystalline swelling. for a 1.6 to 1.8 nm transition is 
undoubtedly different from for a 1.8 to 1.6 nm 
transition. 
Qualitatively, the interaction between crystalline 
swelling and exchange selectivity may be appreciated by 
understanding the relationships between Equations 3, 4, and 
5. The values of AG^(i) and AG^(i) are determined by the 
interlayer cation-surface charge separation (Coulombs law) 
and the extent of interlayer hydration respectively 
(Equations 4 and 5). These terms control AG^^ (Equation 3) 
and hence, the equilibrium interlayer ionic composition. The 
interlayer ionic composition (X7) influences both AGg^ 
(Equation 5) and AG^t (Equation 4) and hence, the extent of 
crystalline swelling. Thus, crystalline swelling and 
exchange selectivity are interdependent processes. 
The relationship between crystalline swelling and Ba-Mg 
exchange selectivity for the fluorohectorite may be 
rationalized in light of the above discussion. The 
fluorohectorite is in effect a mixture of three discrete 
exchangers; the external surfaces, 1.8 nm interlayers and 
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1.6 nm interlayers; each with a unique but constant Ba-Mg 
selectivity. The measured selectivity coefficient represents 
a weighted average of the Ba-Mg selectivity exhibited by each 
of the three phases. Because the 1.8 nm form is stable 
throughout region 1 (Figure 7), the model predicts a stable 
value of -ln(Kr), as observed. The model also predicts the 
rapid increase in Ba preference observed in region 2, as a 
consequence of the 1.8-1.6 nm transition. However, the model 
fails to predict the rapid decrease in Ba preference observed 
in region 3. Because the layers are contracted to 1.6 nm 
throughout region 3 it is probable that most of the adsorbed 
Mg in this region is held on external surfaces. The model is 
not applicable to external exchange sites. Thus the failure 
of the model in region 3 probably results from the influence 
of externally adsorbed Mg on the measured selectivity 
coefficient. 
The application of the model to the fluorohectorite is 
complicated by two additional features. During the initial 
stages of exchange, the 1.81 nm basal spacing observed for 
the pure Mg-form collapses to 1.76 nm without exhibiting 
evidence of 1.8/1.6 nm interstratification. This suggests 
that interlayer water is rearranged to form a tightly packed 
three layer hydrate. Rearrangement of interlayer water 
alters the hydration environment of the interlayer cations 
and hence, selectivity. Second, layer collapse occurs 
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over a range in x' suggesting some layer charge 
Ba 
heterogeneity. Charge heterogeneity introduces another 
dimension to the model, because each domain of equal layer 
charge will have a unique Ba-Mg selectivity. 
Because crystalline swelling is influenced by , 
both an expanded and a contracted phase can be in exchange 
equilibrium with the same solution, depending on the 
direction from which exchange equilibrium was approached. 
The model thus predicts that cation exchange hysteresis will 
result from hysteresis in crystalline swelling. This is 
supported by the observations of Vanselow (1932), Tabikh et 
al. (1960) and Newman (1970). Vanselow (19 32) observed 
little exchange hysteresis for Ba-Ca exchange on bentonites 
where layer collapse is unlikely, and pronounced hysteresis 
for NH^-Ca exchange, where layer collapse is likely. Newman 
(1970) generalized that exchange "...hysteresis may be 
expected whenever there is a change in the number of layers 
in interlamellar water,...". The exchange hysteresis 
observed in the present study was of insufficient magnitude 
to either support or reject the hypothesis. 
Finally, the model provides an explanation for the 
observed relationships between selectivity and layer charge 
density for heterovalent exchange reactions. As layer charge 
density rises increases and the clay is more prone to 
collapse. Layer collapse increases the exchange preference 
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for weakly hydrated cations such as K and Cs. Na and Li, 
contrast, have high enough hydration energies to prevent 
layer collapse, therefore as layer charge increases the 
higher charged cation will be preferred in heterovalent 
exchange reactions involving Na or Li. 
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SECTION II. DETERMINATION OF THE RELATIVE 
INTERLAYER ANIONIC FIELD STRENGTH 
IN EXPANDING 2:1 PHYLLOSILIGATES 
85 
INTRODUCTION 
Isomorphous substitution in the crystal structure of 2:1 
phyllosilicates results in a net negative layer charge which 
is manifested in the interlayers as an anionic field. The 
strength of the interlayer anionic field is described by 
Coulombs law, and therefore, is proportional to the layer 
charge density of the clay. However, the interlayer anionic 
field strength is also influenced by a clay's crystal 
structure and chemical composition. For example, 
fluorine-hydroxyl substitution increases the affinity of 
micas for potassium (Bassett, 1960; Rausell-Colom et al., 
1965; Newman, 1969; Mackintosh et al., 1971), and both 
laboratory and field observations indicate that trioctahedral 
micas release potassium more readily than dioctahedral micas 
(Bassett, 1960; Scott and Smith, 1966; Norrish, 1973a). 
Crystalline swelling is controlled by a balance between 
the interlayer hydration energy (the hydration energy of the 
interlayer cations plus the hydration energy of the 
negatively charged siloxane surfaces) and the electrostatic 
energy of attraction between the interlayer cations and the 
interlayer anionic field (Norrish, 1954; Hurst and Jordine, 
1964; Van Olphen, 1965; Kittrick, 1969a; Maes and Cremers, 
1982). 
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Crystalline swelling is a discrete rather than a 
continuous process (Bradley et al., 1937; Hendricks and 
Jefferson, 1938; Barshad, 1949, 1950). Norrish (1954) and 
Norrish and Quirk (1954a, 1954b) noted that crystalline 
swelling in electrolyte solutions proceeds stepwise up to 
about 2.0 nm, and involves the intercalation of zero to four 
discrete layers of water molecules. Crystalline swelling is 
clearly influenced by layer charge (Barshad, 1950; Hofmann et 
al., 195 5; Harward et al., 1969; Brindley, 196 6). Suquet et 
al. (1977), for example, studied crystalline swelling of 
synthetic saponites. Their study involved six different 
interlayer cations and water, ethylene glycol and glycerol as 
solvating liquids. In each case the saponites exhibited an 
increasing tendency to collapse as layer charge increased. 
Evidence for the influence of structure and composition 
on crystalline swelling is more equivocal. However, both 
Harward et al. (1969) and Kodama et al. (1974) reported 
greater crystalline swelling among octahedrally charged clays 
than tetrahedrally charged clays. 
Because, both the processes of cation exchange and 
crystalline swelling are directly dependent on the interlayer 
anionic field strength a greater understanding of clay 
properties requires an understanding of the influence of 
layer charge, crystal structure and chemical composition on 
the interlayer anionic field. 
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This paper presents a method for determining the 
relative interlayer anionic field strength of expanding 2:1 
phyllosilicates based on crystalline swelling. The method is 
applied to several clays with differing layer charge, 
chemical composition and crystal structures. 
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MATERIALS AND METHODS 
Five smectites/ one vermiculite and one hydrobiotite 
were investigated (Table 1). Cheto (SAz-1), ferruginous 
smectite (SWa-1), hectorite (SHCa-1) and Llano vermiculite 
(VTx-1) were obtained from the Source Clays Repository, 
Columbia, Missouri. Wyoming bentonite was obtained from the 
American Colloid Company and South Carolina hydrobiotite 
from the Zonolite Company. Zwingle, a soil smectite, 
was separated from the Bt horizon of a Zwingle (fine 
montmorillonitic, mesic Typic Albaqualfs) pedon (NE %, NW 
Sec. 5, T98N, R3W, Allamakee County Iowa). 
Clean macro flakes of Llano vermiculite were hand picked 
from the original sample and dry ground in a water-cooled 
Waring blender. The hectorite was treated with 0.1 M HCl 
to remove free carbonates. All clays were dispersed in 
distilled water and the <1 um size fraction collected by 
sedimentation. 
Five reduced-charge samples of the Cheto smectite were 
prepared with the procedure of Brindley and Ertem (1971). 
Stock Li- and Na-Cheto suspensions (50 g/1) were initially 
prepared. Ion saturation was achieved by three centrifugal 
washings in 1 M NaCl or LiCl solutions, and AgNO^-detectable 
chlorides were removed by three centrifugal washings in 50% 
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Table 1. Designating symbols and source of clays 
SYMBOL CLAY SOURCE 
B Wyoming bentonite American Colloid Company 
C Cheto montmorillonite (SAz-1) Clay Mineral Repository 
F Ferruginous smectite (SWa-1) Clay Mineral Repository 
H California hectorite (SHCa-1) Clay Mineral Repository 
L Llano vermiculite (VTx-1) Clay Mineral Repository 
V South Carolina hydrobiotite Zonolite Company 
Z Zwingle beidellite Allamakee County Iowa 
0 RCO Prepared from Cheto 
1 RCIO Prepared from Cheto 
2 RC20 Prepared from Cheto 
3 RC30 Prepared from Cheto 
4 RC40 Prepared from Cheto 
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ethanol-water. The stock suspensions were combined 
volumetrically to form five mixed suspensions 
(Na-Cheto;Li-Cheto = 1:0, 9:1, 8:2, 7:3, 6:4), which were 
shaken mechanically for 48 hours then evaporated to dryness. 
The samples were heated at 220'c in a -75 kPa vacuum for 24 
hours. 
This procedure employs the Hofmann-Klemen (1950) effect 
to reduce the layer charge. Lithium is small enough and 
energetic enough at 200°C to penetrate the crystal structure 
and occupy vacant octahedral sites, where it neutralizes some 
of the negative layer charge. The reduced-charge clays are 
designated; RC 0, RC 10, RC 20, RC 30 and RC 40, where the 
numbers are the percent Li-Cheto in the preparation. 
Total elemental analyses were performed by inductively 
coupled plasma-atomic emission spectroscopy (Spiers et al., 
1983). Replicate 0.1 g Ca-saturated samples were sonified (1 
min.) in 100 ml of 1% HNO^, and aspirated directly into the 
plasma. To prevent settling, the suspensions were 
continuously stirred during the analyses. Si was determined 
separately for the hectorite and ferruginous smectite by 
inductively coupled plasma-mass spectrometry. Ferrous iron 
was measured by the method of Amonette and Scott (1984). 
K-saturated clay samples (~0.25g) were prepared by three 
centrifugal washings in 1 M KCl. While moist, the K-clays 
were treated with mixed 1 M K-Mg chloride salt solutions 
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(Table 2). Each sample was mechanically stirred with 30 ml 
of solution until homogeneously suspended, centrifuged and 
the supernatant discarded. This process was repeated three 
times with fresh aliquots of the appropriate mixed salt 
solution; then twice with distilled water, Mg-saturated 
samples were prepared similarly by three 0.5 M MgCl^ and two 
distilled-water washes. These samples (Mg54) serve as a 
reference for the effect of the initial K-saturation used 
with the other treatments. 
Oriented specimens were prepared on glass slides by the 
paste technique (Theissen and Harward, 1962), and immediately 
(while still moist) placed above a saturated solution of 
MgfNOgjg (54% relative humidity). X-ray analyses were 
performed with the samples in an atmosphere controlled at 
54% relative humidity. All X-ray diffraction traces were 
obtained with CuKex radiation and a General Electric XRD-6 
diffractometer that was equipped with a Ni filter and a 
focusing monochromator. 
Dehydration weight loss was determined by a 
thermogravimetric procedure, using a Cahn Electrobalance and 
a Marshal Tube Furnace. The treated clays were equilibrated 
(>24 hours) above saturated Mg(N02)2' then transferred 
(~5 mg) to the platinum TGA sample pan that was positioned 
1 cm above a saturated Mg(N02)2 solution in the bottom of an 
enclosing hangdown tube. The sample weight (Wt. 54% R.H.) 
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Table 2. Designating symbol, initial ion 
saturation and composition of 
treatment solutions 
COMPOSITION OF TREATMENT 
TREATMENT INITIAL ION SOLUTION (moles per liter) 
SYMBOL SATURATION KCl MgCl2 
Mg54 Mg no treatment 
OK K 0.000 0.500 
lOK K 0.100 0.450 
25K K 0.250 0.375 
50K K 0.500 0.250 
75K K 0.750 0.125 
lOOK K 1.000 0.000 
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was noted after an additional two hours of equilibration. 
Finally, the weight loss on heating to 200°C at 15°C per 
minute in a -75 kPa vacuum was determined. 
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RESULTS 
ICP-AES elemental analyses of the colloidal suspensions 
yielded results that were generally reproducible (Tables 3a, 
3b and 3c), and agreed closely with published analyses. 
However, for two of the clays (hectorite and ferruginous 
smectite) the Si determinations were substantially low. The 
cause of this problem was unclear but was assumed to be 
related to incomplete sample atomization. Si determinations 
by inductively coupled plasma-mass spectrometry gave 
satisfactory results for these two samples. 
Structural formulas based on the elemental analyses are 
presented in Table 4a, along with several published formulas 
(Table 4b). For all clays except the Llano, the structural 
formulas were derived by assuming a -2 2 framework anionic 
charge per formula unit (Gast, 1977). The Llano formula was 
derived by assuming complete cation occupancy of all struc­
tural positions and that Ca and K were the only interlayer 
cations present. These assumptions lead to a framework 
anionic charge of -21.67 per formula unit (Section 4). 
The percent dehydration weight loss (PWL, Equation 1) 
(Wt. 54% R.H.-Wt. Vac. 200 C)100 
PWL — 
(Wt. Vac. 200°C) 
(1) 
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Table 3a. Elemental analysis of Ca saturated clays 
PERCENT OXIDE BASED ON DRY WEIGHT 
WYOMING S. CAROLINA CALIFORNIA 
OXIDE BENTONITE ZWINGLE HYDROBIOTITE HECTORITE 
DIG D16 D8 D18 D14 D22 D9 D20 
A1203 23 .68 23.72 22 .42 22.50 14.24 13.86 0. 704 0.658 
CaO 2. 543 2.611 2. 288 2.356 2.765 2.792 2. 601 2.626 
FegOf 3. 599 3.520 11 .74 11.48 10.08 10.49 0. 283 0.280 
MgO 2. 706 2.825 2. 328 2.456 21.90 22.04 29 .73 29.77 
MnO 0. 001 0.001 0. 020 0.020 0.082 0.083 0. 007 0.007 
Si02 67 .43 67.27 59 .81 59.74 44.68 44.48 65 .41% 
Ti02 0. 031 0.032 0. 250 0.251 3.109 3.124 0. 000 0.000 
ZnO 0. 007 0.007 0. 020 0.019 0.019 0.020 0. 009 0.009 
Li20 0. 000 0.000 0. 000 0.000 0.000 0.000 1. 228 1.100 
Na20 0. 000 0.013 0. 006 0.024 0.032 0.054 0. 037 0.065 
K2O 0. 000 0.000 1. 122 1.160 3.093 3.058 0. 007 0.073 
Fe203^ 3. 276 11 .23 9.1 500 n .d." 
e 
FeO 0. 255 0. 345 0.1 617 n .d. 
^Total iron determined by ICP-AES. 
^Silicon determined separately by ICP-MS. 
'^Ferric iron by difference. 
^^Not determined. 
^Ferrous iron determined separately. 
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Table 3b. Elemental analysis of Ca saturated clays 
PRECENT OXIDE BASED ON DRY WEIGHT 
OXIDE 
FERRUGINOUS 
SMECTITE LLANO CHETO RCO 
Dll D23 D5 D 15 D2 D17 D7 D19 
AI2O3 8.408 8.331 16 .85 16.72 19 .92 19.69 19 .78 19 .55 
CaO 3.334 3.442 5. 073 5.136 3. 564 3.697 3. 524 3. 612 
29.03 29.06 0. 421 0.389 1. 479 1.454 1. 401 1. 374 
MgO 1.329 1.389 31 .07 31.55 6. 568 6.721 6. 775 6. 927 
MnO 0.035 0.035 0. 013 0.013 0. 141 0.145 0. 003 0. 003 
SiOg 57 .35^ 45 .50 45.01 68 .05 67.94 68 .31 68 .25 
Ti02 0.437 0.436 0. 217 0.220 0. 138 0.137 0. 138 0. 131 
ZnO 0.012 0.012 0. 012 0.013 0. 009 0.014 0. 016 0. 018 
0
 C
M •
H 
0.000 0.000 0. 000 0.000 0. 000 0.000 0. 000 0. 000 
Na20 0.000 0.000 0. 000 0.000 0. 000 0.025 0. 063 0. 092 
KgO 0.000 0.021 0. 846 0.943 0. 128 0.173 0. 000 0. 041 
FegOgC 29 .21 n n .d. n . d. 
FeO® 0.1 035 n .d. n .d. n .d. 
^Total iron determined by ICP-AES. 
^Silica determined separately by ICP-AES. 
cperric iron by difference. 
^Not determined. 
®Ferrous iron determined separately. 
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Table 3c. Elemental analysis of Ca saturated clays 
PERCENT OXIDE BASED ON DRY WEIGHT 
OXIDE RCIO RC20 RC30 RC40 
D13 D21 D4 D25 D1 D27 D12 D24 
AI2O3 19 .71 19.40 19.75 19.55 19 .79 19.60 19 .86 19.54 
CaO 3. 367 3.452 3.039 3.154 2. 785 2.954 2. 523 2.762 
Fe203 1. 329 1.386 1.408 1.346 1. 390 1.351 1. 338 1.340 
MgO 6. 686 6.865 6.705 6.779 6. 714 6.862 6. 624 6.881 
MnO 0. 004 0.004 0.003 0.003 0. 003 0.003 0. 005 0.005 
Si02 68 .49 68.41 68.54 68.53 68 .59 68.43 68 .76 68.49 
TiO 0. 134 0.138 0.131 0.130 0. 138 0.135 0. 140 0.143 
ZnO 0. 006 0.006 0.009 0.009 0. 007 0.007 0. 005 0.007 
Li20 0. 225 0 . 2 2 2  0.361 0.397 0. 535 0.544 0. 655 0.687 
Na20 0. 045 0.071 0.038 0.069 0. 048 0.073 0. 084 0.102 
KgO 0. 000 0.040 0.000 0.042 0. 000 0.048 0. 000 0.046 
^Total iron determined by ICP-AES. 
Table 4a. Structural formulas of the reference and reduced charge clays 
COMPOSITION PER O^gtOHig 
INTERLAYER TETRAHEDRAL OCTAHEDRAL 
CLAY K+ Si4+ Al3+ Al3+ Fe^"*" Fe^* Mn^* Ti4+ Zn^* Li + 
B 0 .325 0 .000 3 .952 0 .048 0 .242 1 .591 0 .145 0 .012 0 .000 0 .001 0 .000 0 .000 
F 0 .474 0 .001 3 .741 0 .259 0 .132 0 .384 1 .424 0 .002 0 .002 0 .021 0 .001 0 .000 
V 0 .396 0 .258 2 .926 1 .074 2 .151 0 .014 0 .460 0 .034 0 .005 0 .154 0 .001 0 .000 
Z 0 .308 0 .089 3 .662 0 .338 0 .218 1 .283 0 .523 0 .018 0 .001 0 .012 0 .001 0 .000 
H 0 .344 0 .003 3 .955 0 .045 2 .681 0 .003 0 .013 n .d^ 0 .000 0 .000 0 .000 0 .283 
L^ 0 .682 0 .071 2 .823 1 . 177 2 .911 0 .058 0 .019 n .d. 0 .001 0 .010 0 .001 0 .000 
C 0 .460 0 .011 4 .001 0 .000 0 .583 1 .375 0 .065 n . d. 0 .007 0 .006 0 .001 0 .000 
0 0 .459 0 .002 4 .011 0 .000 0 .600 1 .362 0 .061 n . d. 0 .000 0 .006 0 .001 0 .000 
1 0 .437 0 .002 4 .016 0 .000 0 .593 1 .352 0 .060 n . d. 0 .000 0 .006 0 .000 0 .053 
2 0 .396 0 .002 4 .015 0 .000 0 .588 1 .356 0 .061 n . d. 0 .000 0 .006 0 .000 0 .092 
3 0 .369 0 .002 4 .010 0 .000 0 .592 1 .358 0 .060 n .d. 0 .000 0 .006 0 .000 0 .127 
4 0 .335 0 .002 4 .013 0 .000 0 .588 1 .358 0 .059 n .d. 0 .000 0 .006 0 .000 0 . 158 
^Not determined. 
^The Llano formula is based on a Og^674(^H)2,326 anionic framework. 
Table 4b. Structural formulas from the literature 
COMPOSITION PER OiQ(OH)2 
INTER­
SOURCE CLAY LAYER TETRAHEDRAL OCTAHEDRAL 
M"*" Al^* Fe^* Fe^* Li"^ 
Brindley and Ertem, 1971 WY. Bentonite 0.33 3.86 0.11 0.27 1.57 0.17 0.02 
Sposito et al., 1983 WY. Bentonite 0.31 3.90 0.10 0.19 1.64 0.15 0.02 
Senkayi et al. , 1985 CA. Hectorite 0.31 3.97 0.03 2.73 0.01 0.27 
Mattigod and Sposito, 1978 Cheto 0.43 3.93 0.07 0.33 1.52 0.14 
Goodman et al. , 1976 Fe. Smectite 0.41 3.65 0.35 0.13 0.53 1.36 
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for each sample was calculated from the results of the 
thermogravimetric analyses. Wt. 54% R.H. is the sample 
weight when equilibrated with an atmosphere controlled at 
54% relative humidity, and Wt. Vac. 200°C is the sample 
weight in a -75 kPa vacuum at 200*C. 
Table 5 presents the average PWL determinations for 
triplicate clay preparations of each of the seven reference 
clays. An analysis of variance indicated that the clay 
effect/ the treatment effect and the clay by treatment 
interaction were all significant at the 1% level. The mean 
squared error between replicates is 0.43 and the relative 
standard deviation is 2.63% of the overall mean. Single 
dehydration weight loss determinations were made for the 
reduced-charge clays (Table 6). 
X-ray diffraction patterns of the treated Wyoming 
bentonite and South Carolina hydrobiotite are presented in 
Figures 1 and 2 respectively (see Appendix D for X-ray 
diffraction patterns of the other clays). The X-ray analyses 
were conducted while the clays were equilibrated with an 
atmosphere controlled at 54% relative humidity. Thus, 
the XRD patterns qualitatively illustrate the extent of 
crystalline swelling under conditions identical to those in 
the dehydration weight loss determinations. 
All of the clays are fully expanding except the South 
Carolina hydrobiotite which has 65.3 cmol (+) kg~^ of 
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Table 5. Dehydration weight loss for reference 
clays; average of three replications 
PERCENT WEIGHT LOSS BASED ON 200°C WEIGHT 
TREATMENT B F L C V H Z 
Mg54 ^  20.9 22.1 21.3 25.2 13.4 21.3 16.9 
OK 21.4 24.5 22.1 26.4 13.2 23.1 18.9 
lOK 20.9 23.9 19.6 22.6 10.0 21.9 17.9 
25K 19.9 22.3 19.1 20.5 8.6 20.6 16.7 
50K 17.2 18.8 18.2 16.7 7.4 18.1 14.5 
75K 13.7 15.1 15.3 15.3 7.0 14.7 12.0 
lOOK 9.1 11.7 11.5 13.8 6.6 11.3 10.8 
^Number of replicates varies. 
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Table 6. Dehydration weight loss for 
reduced charge clays 
PERCENT WEIGHT LOSS BASED ON 200°C WEIGHT 
TREATMENT RC 0 RC 10 RC 20 RC 30 RC 40 
Mg54 26.1 24.9 23.7 23.6 22.6 
OK 27.3 25.9 25.0 23.8 22.2 
lOK 24.3 23.8 23.1 23.7 22.3 
25K 23.9 22.8 21.8 22.3 21.5 
50K 18.8 19.2 19.2 19.7 19.9 
75K 16.7 17.1 16.7 16.4 16.5 
lOOK 13.5 13.2 12.1 11.0 10.4 
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Figure 1. X-ray diffraction patterns of Wyoming 
bentonite; treatments listed in Table 2 
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nonexchangeable potassium. The X-ray diffraction pattern of 
Mg-saturated S. C. hydrobiotite (Figure 2) indicates three 
distinct phases; a fully collapsed 0.94 nm phase, a regular 
interstratified 1.5/1.0 nm phase and an expanded 1.47 nm 
phase. 
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DISCUSSION 
The effect of the mixed salt treatments on crystalline 
swelling was qualitatively observed by X-ray diffraction. 
The behavior of Wyoming bentonite (Figure 1) is typical of 
the response for the smectites. A 1.21 nm peak was evident 
for the lOOK bentonite indicating that the K-form retained a 
monolayer of interlayer water. By contrast, Mg-form 
interlayers retained a bilayer of water, illustrated by sharp 
1.50 nm basal reflections for the OK and Mg54 bentonites. 
The 75K bentonite exhibited a broad asymmetrical peak with a 
maximum near 1.2 nm. This sample was apparently dominated by 
K-form interlayers but retained a significant fraction of 
randomly interstratified Mg-Form interlayers. The apparent 
basal spacing of the lOK, 25K and 50K bentonites were all 
near 1.50 nm. The peaks, however, clearly exhibited 
broadening and loss of intensity. Thus, more of the Wyoming 
bentonite expanded from the K-form to the Mg-form as the Mg;K 
ratio of the treatment solution was increased. The XRD 
patterns revealed no intermediate phases; the individual 
layers were either in the K-form or the Mg-form. 
Differences among the smectites were apparent. For 
example, 50K Cheto was primarily in the K-form while 75K 
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RC 40 was dominated by the Mg-form. A major difference was 
apparent between the smectites and the South Carolina 
hydrobiotite, where the lOK treatment was sufficient to 
inhibit expansion (Figure 2). Surprisingly, 75K Llano was 
largely expanded despite the Llano's high layer charge 
density. 
Although, the clays were K-saturated before treatment 
with the various K-Mg 1 M chloride solutions, there was no 
evidence of K-fixation even for the vermiculites. Indeed, 
the X-ray diffraction patterns for the OK and Mg54 samples 
were indistinguishable and the dehydration weight losses for 
all but two of the OK samples were slightly higher than the 
dehydration weight losses for the Mg54 samples (Tables 5 and 
6). This suggests that the initial K treatments may have 
disrupted layer stacking, resulting in slightly more external 
surface area. 
A quantitative evaluation of the K- to Mg-form 
transition was derived from thermogravimetric analyses. The 
measured percent dehydration weight losses were of little 
direct value because the clays differ in chemical composition 
and hydratable surface area. However, comparisons of the 
clay results were possible after the weight loss data were 
normalized (Equation 2). NWL is the normalized weight 
2 
(PWL^-PWL 
loos! 100 
lOOK 
(2) 
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loss for treatment Z and PWL is the measured percent 
dehydration weight loss for the samples receiving the Z, 
lOOK, or OK treatments. This transformation expresses the 
treatment effect on a zero to 100 scale. The weight loss for 
water on external surfaces is corrected for by subtracting 
the weight loss for the lOOK treatment. NWL is a measure of 
z 
the sample fraction which is expanded to the Mg-form by the Z 
treatment. 
Because crystalline swelling is a discrete rather than a 
continuous process, each interlayer domain has a threshold 
solution activity ratio (Mg;K) which facilitates the K- to 
Mg-form transition. This threshold activity ratio is a 
relative measure of the electrostatic energy of attraction 
between the interlayer cations and the negatively charged 
silicate surfaces, i.e., the interlayer anionic field 
strength. Thus, the NWL expressed as a function of the 
treatment solution potassium mole fraction (X^), describes 
the heterogeneity of the interlayer anionic field strength. 
The NWL curves for the various clays are separated 
primarily in accordance with the layer charge densities of 
the clays (Figures 3 and 4). The NWL curve for the South 
Carolina hydrobiotite is strongly convex while the curves for 
the low charge smectites are concave. The Llano vermiculite 
NWL curve has a unique bimodal distribution. 
To the extent that the curves in Figures 3 and 4 
109 
// 
// 
// 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ / //!! 
/ 
V 
c —— — 
H 
B — 
0.5 
SOLUTION MOLE FRACTION K 
1.0 
Figure 3. Relationship between the normalized 
dehydration weight loss and the treatment 
solution mole fraction K for the reference 
clays 
110 
100-
a 
h-
I 
o 
LU 
H 
y 50-
CL 
0 
111 -
N 
1 • 
I 0#^ 
'â 
y//'I 
,x: 
-©fi 
05 1.0 
SOLUTION MOLE FRACTION K 
Figure 4. Relationship between the normalized dehydration 
weight loss and the treatment solution mole 
fraction K for the reduced-charge clays 
Ill 
describe the Interlayer anionic field strength heterogeneity, 
the area under each curve is an index of the mean interlayer 
anionic field strength. The areas (Table 7) were estimated 
by fitting the data for each clay to a third degree 
polynomial, and Integrating the polynomials between X^=0 and 
Xk=1. 
The interlayer anionic field strength is Influenced by a 
clay's layer charge, structure and chemical composition. The 
reduced charge clays, however, are nearly isostructural. For 
these clays, the area under the normalized weight loss curves 
is linearly correlated with the layer charge (Table 7, Figure 
5), demonstrating that the NWL index does reflect the 
relative Interlayer anionic field strength. 
Despite differences in chemical composition and crystal 
structure, all of the reference clays except Llano exhibit 
the same general linear relationship as the reduced charge 
clays (Table 7, Figure 5), Illustrating that layer charge is 
a major factor controlling their interlayer anionic field 
strength. 
The Llano results suggest that structural factors other 
than layer charge are Important. The Llano contains basal 
hydroxyls which replace tetrahedrally coordinated oxygens 
(Raman and Jackson, 1966; Section 4). The orientation of 
these basal hydroxyls is influenced by the adjacent 
tetrahedral cations, directing the hydroxyl protons towards 
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Table 7. Area under the cumulative normalized 
dehydration weight loss curves and 
layer charge density 
PERCENT OF TOTAL FIGURE AREA; 
CHARGE PER FORMULA UNIT 
CLAY AREA CHARGE CLAY AREA CHARGE 
B 28.3 0.327 C 57.1 0.469 
F 34.4 0.474 0 44.1 0.460 
L 37.7 0.754 1 39.7 0.438 
V 70.3 0.654 2 35.0 0.398 
H 35.2 0.350 3 26.1 0.370 
Z 42.2 0.397 4 19.8 0.338 
Reduced charge clays only 
L.C.=0.2384+0.0049(AREA) r2=0.978 n=5 
All clays except Llano 
L.C.=0.2009+0.0057(AREA) r2=0.778 n=ll 
All clays 
L.C.=0.2385+0.0055(AREA) r2=0.331 n=12 
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the interlayer. A strong interlayer cation-basal hydroxyl 
interaction apparently reduces the interlayer anionic field 
strength and facilitates layer expansion. 
The ferruginous smectite is displaced to the right of 
the other smectites in Figure 5. This probably results from 
an erroneously high estimate of layer charge based on the 
structural formula (Section 3). The other four smectites (B, 
H, Z, and C) are positioned to the left of the of the reduced-
charge clays in Figure 5. This indicates that for a given 
layer charge the reduced-charge clays have weaker anionic 
field strengths. 
The layer charge of Cheto and RC 0 are nearly identical, 
and because RC 0 was derived from the Cheto the two may be 
directly compared. RC 0 was Na-saturated and heated (220°C, 
-75 kPa vacuum for 24 hours), but this is the only treatment 
difference between RC 0 and Cheto. Fe, A1 and Mn are higher 
in the Cheto than the reduced-charge clays (Table 4a). This 
chemical evidence suggests that small amounts of octahedral 
Fe, Al, and Mn were ejected during the heat treatments. 
Unfortunately, magnesium is more variable than the other 
elements and this adds uncertainty to the interpretation. 
Cheto has almost precisely four silicons per formula 
unit, by contrast, the reduced charge clays appear to have a 
slight excess of Si (Table 4a). The apparent increase in 
tetrahedral Si is questionable, because no Si was added 
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during the treatments, and there are only four possible 
tetrahedral positions per formula unit. Structural formulas 
of the reduced-charge clays may be adjusted to reduce the Si 
values to the level of the Cheto by assuming that protons 
were incorporated into the structure to compensate for the 
ejected octahedral cations. This exchange of octahedral 
cations for protons would not affect the layer charge but 
could substantially reduce the interlayer anionic field 
strength depending on where the protons were located. 
Clearly, layer charge density is the most important 
factor affecting the interlayer anionic field strength of 
expanding 2:1 phyllosilicates. For the clays studied, the 
Llano vermiculite is the one outstanding exception. It is 
hypothesized that hydroxyls present on basal surfaces of the 
Llano greatly reduce its interlayer anionic field strength. 
Chemical analyses of the reduced-charge clays and Cheto 
montmorillonite suggest that the treatments used to prepare 
the reduced-charge clays caused ejection of a few octahedral 
cations and the incorporation of compensating protons. This 
hypothesis is consistent with a slight reduction in anionic 
field strengths of the reduced-charge clays compared to other 
smectites. 
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SECTION III. INTERPRETATION OF ALKYLAMMONIUM 
CHARACTERIZATION OF REFERENCE AND 
REDUCED-CHARGE CLAYS 
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INTRODUCTION 
The alkylammonium method has been described as the best 
method for determining the layer charge of expanding 2:1 
phyllosilicates (Lagaly and Weiss, 1969; Lagaly, 1981). The 
method estimates the interlayer charge which for smectites 
represents approximately 80% of the total charge (Lagaly, 
1981). Vermiculites and smectites are separated in 
classification by the charge per formula unit estimated from 
structural formulas derived from total elemental analyses 
(Clay Mineral Society Nomenclature Committee, 1971). Thus, 
the .relationship between the two methods is important. 
In the 1950s, evidence began to accumulate that 
seemingly homogeneous smectites actually had heterogeneous 
layer charge densities. Beavers and Larsen (1953) observed 
several discrete electrophoretic mobilities for Wyoming 
bentonite. Byrne (1954), noting irregular periodicity along 
the c-axis of montmorilIonites treated with dodecylamine and 
piperidine suggested that montmorillonites consist of a mixed 
layer sequence; differing in chemical composition or in the 
presence of structural irregularities. 
The alkylammonium method (Lagaly and Weiss, 1969) has 
advanced the understanding of smectite and vermiculite layer 
charge heterogeneity. With this method, a clay's layer 
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charge can be separated into a series of charge density-
classes (Stul and Mortier, 1974; Lagaly, 1981). By contrast, 
methods of characterizing smectite heterogeneity based on 
swelling (Jonas and Roberson, 1966; Hseih et al., 1984), 
interlayer ionic composition (McAtee, 1958) or exchange 
isotherms (Goulding and Talibudeen, 1980; Talibudeen and 
Goulding, 1983) characterize the interlayer anionic field 
strength heterogeneity. Because these properties are 
directly dependent on the field strength and only indirectly 
reflect the layer charge density. 
A method for determining the relative interlayer anionic 
field strength was presented in Section 2. The results were 
compared with values of layer charge derived from chemical 
analyses. For a series of nearly isostructural reduced 
charge montmorillonites, an index of relative interlayer 
anionic field strength increased linearly with layer charge 
density. However, evidence also was observed for the 
influence of crystal structure and chemical composition on 
the anionic field strength. 
In this section the alkylammonium method is used to 
determine both the mean layer charge density and the layer 
charge heterogeneity for the same clays studied in Section 2. 
The results are compared with the mean layer charge density 
based on structural formulas and with the anionic field 
strength heterogeneity, respectively. 
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MATERIALS AND METHODS 
One vermlculites/ one hydrobiotite, five smectites and 
five reduced charge smectites were investigated. The reduced-
charge clays were prepared by heating samples of Cheto 
montmorillonite that had various mixtures of Li and Na on the 
exchange complex (Brindley and Ertem, 1971). They are 
referred to as RC 0, RC 10, RC 20, RC 30 and RC 40, where the 
numbers denote the percent Li in the preparation. Details of 
sample preparation are described in Section 2. Table 1 lists 
the studied clays, their sources and designating symbols. 
. Layer charge density was determined by the alkylammonium 
method of Ruehllcke and Kohler (1981). This is a 
modification of the Lagaly and Weiss (1969) procedure. 
Approximately 150 mg of Na-saturated clay was thoroughly 
mixed with 5 ml of the appropriate alkylamine hydrochloride 
solution (Lagaly and Weiss, 1969; Appendix A). The samples 
were Incubated at 60"C for 24 hours, centrifuged and the 
supernatant discarded. This step was repeated, then the 
clays were washed in 95% ethanol until the supernatant was 
free of AgNO^-detectable chloride. Oriented specimens were 
prepared on glass slides by the paste technique, and vacuum 
(-75 kPa) dried at 60 C for 24 hours. X-ray analyses were 
performed in a desiccated atmosphere. 
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Table 1. Designating symbols and source of clays 
SYMBOL CLAY ^ SOURCE 
B Wyoming bentonite American Colloid Company 
C Cheto montmorillonite (SAz-1) Clay Mineral Repository 
F Ferruginous smectite (SWa-1) Clay Mineral Repository 
H California hectorite (SHCa-1) Clay Mineral Repository 
L Llano vermiculite (VTx-1) Clay Mineral Repository 
V South Carolina hydrobiotite Zonolite Company 
Z Zwingle beidellite Allamakee County Iowa 
0 RCO Prepared from Cheto 
1 RCIO Prepared from Cheto 
2 . RC20 Prepared from Cheto 
3 RC30 Prepared from Cheto 
4 RC40 Prepared from Cheto 
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The conformation of interlayer alkylammonium cations 
shifts from a mono- to a bilayer with increasing carbon chain 
length. The fraction of mono- and bilayers for each 
alkylammonium-clay derivative was estimated from the apparent 
basal spacing (d 001) using the peak migration curve of 
Lagaly (1981). The mean layer charge density was calculated 
by assigning a value of charge density to each chain length 
category and taking a weighted average of these values. The 
values were weighted by the change in the fraction of mono-
and bilayers associated with each category (Appendix A). 
Histograms depicting the interlayer anionic field 
strength heterogeneity were derived from the dehydration 
weight loss data presented in Section 2. The clays were 
initially K-saturated then treated with mixed K-Mg 1 M 
chloride solutions. The dehydration weight loss was 
determined for the treated samples after equilibration with 
an atmosphere controlled at 54% relative humidity. The 
normalized dehydration weight loss (NWL) is the difference in 
percent dehydration weight loss for a K-Mg-treated sample and 
a K-saturated sample divided by the difference in percent 
dehydration weight loss between Mg- and K-saturated samples. 
The histograms depicting the interlayer anionic field 
strength heterogeneity represent the change in NWL as a 
function of the treatment solution K mole fraction. Details 
of the procedure are presented in Section 2. 
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RESULTS AND DISCUSSION 
Alkylammonium derivatives of the smectites and the South 
Carolina hydrobiotite exhibited distinct mono-bilayer 
transitions (Figures 1 and 2). Four and five rational basal 
reflections were typically observed for the monolayer and 
bilayer systems, respectively; and the mono-bilayer 
transition samples were clearly distinguished by irrational 
higher order OOf reflections. 
The South Carolina hydrobiotite has three distinct 
phases when Mg-saturated; a fully collapsed 0.94 nm phase, a 
regularly interstratified 1.5/1.0 nm phase and an expanded 
1.47 nm phase (Section 2). When treated with alkylamine 
hydrochlorides the expanded phase exhibited a mono-bilayer 
transition, which was used to estimate the layer charge 
density. The regularly interstratified phase also exhibited 
a mono-bilayer transition, however, interpretation was 
complicated by partial depletion of interlayer potassium. 
The fully contracted phase was apparently unaffected by the 
alkylamine hydrochloride treatments. 
The Llano vermiculite did not exhibit a mono-bilayer 
transition over the range of alkylamine hydrochlorides 
studied. Instead the Llano's basal spacing increased 
2 linearly (r =0.991) with the length of the alkylammonium 
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Figure 1. Relationship between basal spacing and 
alkylammonium carbon chain length for the 
reference clays; closed circles for rational 
higher order reflections, open circles for 
irrational higher order reflections 
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carbon chain (Figure 3). This is indicative of a paraffin-
type interlayer alkylammonium conformation. For clays 
exhibiting the paraffin-type conformation, Lagaly and Weiss 
(1969) suggested that the relationship between basal spacing 
and alkylammonium carbon chain length could be used to 
estimate the angle of interlayer alkylammonium inclination 
(<x). They presented an empirical relationship between (x and 
layer charge density. Following this approach, and using the 
mean increase in basal spacing per carbon atom (1.06 nm) as 
suggested by Lagaly and Weiss (1969), the Llano layer charge 
is estimated to be 0.68 per formula unit. However, if the 
regression slope (1.16 nm) is used, the estimate of Llano 
layer charge is 0.87 per formula unit. Clearly, this 
procedure gives only a very rough estimate of layer charge. 
For the studied clays, the mean layer charge determined 
by the alkylammonium method (based on mono-bilayer 
transitions) was 20 to 30 percent lower than the charge 
estimated from the structural formulas presented in Section 
2. The results for both methods are presented in Table 2. 
Comparable alkylammonium results for California hectorite 
(Lagaly and Weiss, 1969; and Senkayi et al., 1985) and 
Wyoming bentonite (Stul and Mortier, 1974) have been 
reported. Clearly, a substantial discrepancy exists between 
the two methods. However, with the exception of the 
ferruginous smectite, there is a strong linear correlation 
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alkylammonium carbon chain length for 
Llano vermiculite 
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Table 2. Layer charge density based on structural 
formulas and as determined by the 
alkylammonium method 
CHARGE PER FORMULA UNIT 
STRUCTURAL ALKYLAMMONIUM 
CLAY FORMULA METHOD 
Hectorite 0.350 0.27 
Wyoming Bentonite 0.327 0.26 
Ferruginous Smectite 0.474 0.30 
S. C. Vermiculite 0.654 0.45 
Llano Vermiculite 0.754 — 
Zwingle 0.397 0.30 
Cheto 0.469 0.33 
RC 0 0.460 0.34 
RC 10 0.438 0.32 
RC 20 0.398 0.29 
RC 30 0.370 0.27 
RC 40 0.338 0.26 
Without Ferruginous Smectite: 
LCgp=-0.0934+1.6619(LCj^j^) , r2=0.990, n=10 
With Ferruginous Smectite; 
LC2f=-0.0813+1.6429(LC^^), r2=0.940, n=ll 
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between the two sets of results (Table 2; Figure 3). If the 
discrepancy between the two methods was solely due to the 
difference between the interlayer charge and the total charge 
(Lagaly, 1981), then the results ought to converge with 
increasing layer charge. .The results, however, diverge with 
increasing layer charge, this suggests a systematic error in 
assigning values of layer charge to the various chain length 
categories. The alkylammonium method is not subject to 
sample impurity errors nor is it based on an assumed 
framework anionic charge. These problems are inherent in the 
calculations of structural formulas and probably account for 
the deviation of the ferruginous smectite from the other data 
in Figure 4. 
All of the smectites and the South Carolina hydrobiotite 
have heterogeneous layer charge distributions (Figures 5 and 
6). Both the Zwingle and the ferruginous smectite exhibit 
distinctly bimodal distributions, while the other clays have 
relatively uniform distributions. The effect of layer charge 
reduction on the Cheto is evident in Figure 6. With 
increasing charge reduction the charge distribution 
progressively shifted to lower charge-density categories. 
The number of categories increased from four (RC 0) to six 
(RC 40), however, the range in charge distribution remained 
relatively constant (Table 3). 
The interlayer anionic field strength heterogeneity is 
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Table 3. Range in layer charge density as 
determined by the alkylammonium 
method 
CHARGE PER FORMULA UNIT 
CLAY HIGH LOW RANGE 
Wyoming bentonite 0.29 0.24 0.05 
Ferruginous smectite 0.33 0.25 0.08 
Hectorite 0.31 0.24 0.07 
Zwingle 0.36 0.25 0.11 
S. C. hydrobiotite 0.55 0.38 0.17 
Cheto 0.36 0.30 0.06 
RC 0 0.39 0.30 0.09 
RC 10 0.36 0.28 0.08 
RC 20 0.33 0.25 0.08 
RC 30 0.33 0.24 0.09 
RC 40 0.31 0.23 0.08 
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presented in Figures 7 and 8. For these histograms, the 
solution potassium mole fraction represents an index of 
interlayer anionic field strength. The Wyoming bentonite 
distribution is skewed to the right while the South Carolina 
hydrobiotite distribution is skewed to the left, indicating 
the relative dominance of low and high anionic field strength 
interlayers, respectively. 
The bimodal anionic field distribution of the Llano 
vermiculite can be explained in terms of the distribution of 
basal hydroxyls. To do so, it must be assumed that twenty-
five percent of the Llano is free of basal hydroxyls and 
collapses readily. Basal hydroxyls exert a dominant 
influence on the interlayer anionic field in the remaining 
15% of the Llano; this fraction expands readily and exhibits 
a low affinity for potassium (Section 4). 
The bimodal form of the Cheto's anionic field 
distribution was evident for both RC 0 and RC 10. With 
increasing layer charge reduction, the distribution was 
progressively shifted to lower field strength categories, 
directly reflecting the change in the layer charge 
distribution. 
The two methods of characterizing heterogeneity cannot 
be quantitatively compared, because they are fundamentally 
different. However, the results demonstrate independently 
the heterogeneous nature of smectites and vermiculites. 
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SECTION IV. EVIDENCE FOR BASAL HYDROXYLS IN 
LLANO VERMICULITE AND THEIR EFFECT 
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INTRODUCTION 
The nearly white, low iron, vermiculite found near 
Llano, Texas is a weathering product of IM phlogopite 
(Shirozu and Bailey, 1966). It retains a chemical 
composition very similar to phlogopite, except that 
interlayer potassium has been replaced with hydrated 
magnesium. Llano vermiculite has been used as a reference 
mineral for many years. For example, Bradley and Serratosa 
(1960) used it to develop a model for interlayer water in 
Mg-vermiculite, and Shirozu and Bailey (1966) presented a 
detailed structural refinement of the Llano. 
The literature pertaining to the layer charge of the 
Llano is inconsistent. Structural formulas presented by 
Bradley and Serratosa (1960), Foster (1962), Van Olphen 
(1965), and Norrish (1973a) have depicted a layer charge 
ranging from 1.00 to 0.80 per formula unit. Shirozu and 
Bailey (196 6) estimated a layer charge of 0.82 per formula 
unit based on a least squares structural refinement of the 
Llano and 0.72 based on a one-dimensional electron density 
summation. Lagaly and Weiss (1969) estimated a layer charge 
of 0.67 by measuring the expansion of the Llano when treated 
with various alkylamine hydrochlorides. Reports on the 
Llano's cation exchange capacity range from 200 (Foster, 
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1962) to 146 (Sawhney, 1969a) cmol ( + ) kg~^. 
The weathering of mica to vermiculite is usually-
accompanied by a loss of layer charge. The simplest 
explanation is the oxidation of structural ferrous iron 
(Gruner, 1934; Walker, 1949; Foster, 1962; Norrish, 1973a). 
The Llano is virtually iron free; thus, if layer charge 
reduction occurred during weathering it must have been 
accomplished by another mechanism, such as the protonation of 
basal oxygens (Raman and Jackson, 1966). 
Raman and Jackson (1966) studied changes in layer charge 
of illites during potassium depletion with 
Na-tetraphenylboron. They observed a greater pH increase for 
samples than control solutions, suggesting a proton sink in 
the clay structure. They also noted a greater layer charge 
reduction than could be accounted for by ferrous iron 
oxidation, and greater dehydroxylation weight loss among 
treated than untreated samples. Newman and Brown (1966) 
extracted potassium from micas with Na-tetraphenylboron and 
compared chemical analyses of the original and K-depleted 
micas. To explain their results, they suggested that either 
hydroxyls were lost or protons sorbed during the reaction. 
Newman (1967) partitioned strongly adsorbed water and 
hydroxyl weight loss for two K-depleted phlogopites by a 
combination of thermogravimetric and infrared analyses. In 
this way he estimated the structural hydroxyl content. 
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He then calculated structural formulas for the degraded 
phlogopites, using both the hydroxyl content and results of 
chemical analyses. Based on the structural formulas, he 
argued that during artificial weathering the layer charge of 
the phlogopites was reduced in excess of the extent of iron 
oxidation through the protonation of basal oxygens. 
Raman and Jackson (1966) considered the Llano 
vermiculite a strong candidate for basal oxygen protonation. 
Their arguments were based on elemental analyses and a 
measured CEC (153 cmol (+) kg ^). The calculated structural 
formula could not be balanced with the CEC unless basal 
hydroxyls were assumed. 
If they exist, the orientation of basal hydroxyls would 
be largely controlled by the adjacent tetrahedral cations, 
hence, the basal hydroxyl protons would be directed towards 
the interlayers. Therefore, there ought to be a strong 
electrostatic repulsion between these protons and the 
interlayer cations. Thus, if present, basal hydroxyls should 
have a major effect on the crystalline swelling and cation 
exchange properties of Llano vermiculite. 
The objectives of this paper are to present evidence for 
the existence of basal hydroxyls in Llano vermiculite and to 
examine the apparent influence of basal hydroxyls on 
crystalline swelling and potassium affinity. 
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MATERIALS AND METHODS 
Llano vermiculite (VTx-1) was obtained from the Source 
Clays Repository, Columbia, Missouri. Hand-picked macro 
flakes were dry ground in a water cooled Waring blender, and 
the <lum size fraction was collected by sedimentation. K, 
Mg, and Ca saturations were achieved by three centrifugal 
washings of -0.25 g samples in 30 ml of the appropriate 1 M 
chloride salt solutions. The samples were then washed in 
distilled water until the supernatant was free of 
AgNOg-detectable chloride. During each wash, specimens were 
mechanically agitated until homogeneously suspended. 
Oriented specimens were prepared on glass slides for 
X-ray diffraction analysis by the paste technique of Theissen 
and Harward (1962). All X-ray diffraction traces were 
obtained using CuK** radiation and a General Electric XRD-5 
diffractometer equipped with a Ni-filter and a focusing 
monochromator. 
Total elemental analysis was performed by inductively 
coupled plasma-atomic emission spectrosocpy (Spiers et al., 
1983). K-saturated air-dried Llano was washed four times in 
0.5 M CaCl„ and then four times in distilled water. The 
- 2 
sample was air dried and ground in an agate mortar until it 
passed a 150 um sieve. Replicate 0.10 g samples were 
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sonified (1 min.) in 100 ml of 1% HNO^ to obtain suspensions 
that were aspirated directly into the ICP-AES. 
The Ba/NH^ cation exchange capacity of the Llano was 
determined at pH 8.2 and 4.0 by the method of Pratt (1961). 
The CEC determinations were based on the air dry weight 
(~1.20 g) of the starting Ca-saturated Llano. 
Thermogravimetric analysis of the same Ca-Llano sample was 
performed in a -75 kPa vacuum using a Cahn Electrobalance and 
a Marshal Tube Furnace. 
Infrared analyses of K-Llano in a pressed KBr disk were 
performed with a Beckman IR-20A Spectrophotometer. The KBr 
disk was heated in a muffle furnace at seven temperatures 
ranging from 105°C to 700°C. After each heat treatment the 
sample was cooled in a desiccator and then analyzed in a 
desiccated atmosphere. 
The normalized dehydration weight loss of the Llano and 
six reference clays was determined by the method presented in 
Section 2. 
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RESULTS AND DISCUSSION 
The ICP-AES elemental analyses of duplicate Llano 
samples are presented in Table 1. Based on the results, and 
assuming a negative lattice charge of -22 per formula unit, 
structural Formula 1 was calculated (Table 2). Formula 1 
agrees with Llano formulas published by Bradley and Serratosa 
(1960) and Foster (1962) and is reasonably close to the 
formula presented by Norrish (1973a). However, the formula 
presented by Van Olphen (1965) is substantially different, 
suggesting some variability among Llano specimens. 
Formula 1 predicts 50.6 cmol (+) kg~^ of interlayer 
magnesium which is difficult to explain. The sample was 
potassium saturated and then washed four times with 0.5 M 
CaClg: all interlayer Mg should have been replaced by either 
Ca or K. Therefore, the Llano formula was recalculated 
assuming full octahedral occupancy and that only Ca and K 
were present as interlayer cations. To maintain electrical 
neutrality, the new formula requires a negative lattice 
charge of -21.67 per formula unit, a condition satisfied by 
substituting 0.33 hydroxyls for basal oxygens. 
Formula 2 
0^.34^ 0.07(^^2.82^1.18^(^0.06^^0.02^2.9l'^^0.01 ) °9.67(°^ 2^.33 
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Table 1. Elemental analysis of 
Llano vermiculite 
PERCENT OXIDE BASED ON DRY WEIGHT 
SAMPLE NO. 
OXIDE D5 D15 
AI2O3 16.85 16.72 
CaO 5.073 5.136 
ï^®2°3 0.421 0.389 
MgO 31.07 31.55 
MnO 0.013 0.013 
SiOg 45.45 45.01 
TiOg 0.217 0.220 
ZnO 0.012 0.013 
Li 2O 0.000 0.000 
Na20 0.000 0.000 
Pi to
 0
 
0.846 0.943 
Table 2. Structural formulas of Llano vermiculite 
SOURCE COMPOSITION PER Oiq(OH)2 
Formula 1 : Based on 
data in Table 1 
Foster, 1962 
(^lotl2^®oto2W92t85'^iotoi) 
^90^48^0.01(512^86^1it14)(Alot15^60^01^92^83) 
2+ + 4+ 3+ 3+ 3+ 2+ , 4+ . 
Bradley and Serratosa, 1960 Mgg.^sMo.08(S12.84^11.16)(^lo.12^60.02^92.85Ti0.01) 
Norrish, 1973a 
Van Olphen, 1955 
2+ + .4+ 3+ . , 3+ 3+ 2+ .4+ . 
^90.47^0.01(512.89^11.11)(AIQ.OSP^O.07^92.8l^^O.02) 
+ 4+ 3+ 3+ 2+ 
Nao,80(^12.64^11.36)(^IQ,66^92.29) 
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Formula 2 predicts a layer charge of -0.75 per formula 
unit which agrees with the layer charge predicted by least 
squares structural refinement (-0.82) and one-dimensional 
electron density summation (-0.72) (Shirozu and Bailey, 
196 6). Thus, elemental analysis provides indirect but strong 
evidence for the presence of basal hydroxyls. 
Cation exchange capacity, thermogravimetric and infrared 
analyses were performed to test the validity of Formula 2. 
Untreated Llano is nearly free of potassium (See Foster's 
(1962), and Norrish's (1973a) analyses; Table 2). This is 
supported by X-ray diffraction analysis of Mg-Llano (Figure 
1, Pattern E), which revealed a sharp 1.47 nm 001 reflection 
with no evidence of a 1.0 nm peak. Therefore, the cation 
exchange capacity ought to quantitatively reflect the layer 
charge of the Llano. The CEC determinations were initially 
based on air dry sample weights measured at the start of the 
determinations. A portion of the same Ca-saturated sample 
was subjected to thermogravimetric analysis to determine the 
total dehydration weight loss. The CECs were then adjusted 
for the water content of the air dry samples. This 
adjustment is necessary before measured CECs can be compared 
with theoretical values based on the structural formulas. 
Primary dehydration weight loss occurs between room 
temperature and ISO'C, and primary dehydroxylation weight 
loss occurs between 720*C and 900°C. Between 160°C and 720°C 
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Figure 2. Thermogravimetric analysis of Ca-saturated Llano vermiculite 
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there is a small but continuous weight loss. This is the 
critical region where the loss of tightly bonded water must 
be separated from dehydroxylation. Raman and Jackson (1966) 
used 300'C as a division temperature with illites. By 
contrast, Newman (1967) found that 400'C was required to 
remove all of the tightly adsorbed water from one K-degraded 
phlogopite and another retained some molecular water until 
almost VOO'C. In the present study, infrared analysis of the 
Llano revealed a broad water adsorption band between 3300 and 
3600 cm~^, and a water angular vibration band near 1650 cm~^. 
Heating to 400*0 diminished the intensity of both water 
bands, however, evidence of molecular water persisted until 
600"C. After heating to 600"C some dehydroxylation was 
indicated by a loss in intensity of the OH stretching bands. 
Thus the choice of a division temperature is arbitrary, 
however, 50 0°C represents a reasonable compromise and 
corresponds to a slight inflection observed on the TGA curve 
(Figure 2). 
Table 3 summarizes the CEC and dehydroxylation 
determinations, the results are reported for two 
dehydration-dehydroxylation division temperatures and 
compared with theoretical values predicted by Formulas 1 
and 2. Cation exchange capacity is only slightly affected 
by the choice of a division temperature. The CECs measured 
at pH 4.0 represent the permanent layer charge and are in 
Table 3. Comparison of theoretical and measured cation exchange capacity 
and dehydroxylation weight loss 
CATION EXCHANGE CAPACITY DEHYDROXYLATION WEIGHT LOSS 
THEORETICAL cmol ( + ) kg~^ percent 
Formula 1 244.7 4.52 
Formula 2 198.7 5.52 
MEASURED pH 8.2 pH 4.0 
rep 1 rep 2 rep 1 rep 2 
500°C division temperature 211.9 211.8 198.3 197.9 5.54 
600°C division temperature 213.4 213.4 199.8 199.4 4.85 
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quantitative agreement with the theoretical CEC predicted by 
Formula 2. The CECs measured at pH 8.2 include the charge 
contribution of amphoteric exchange sites, even these values 
are substantially lower than the theoretical CEC predicted by 
Formula 1. Thus, based on the CEC determinations, strong 
quantitative evidence is found to support Formula 2, and the 
presence of basal hydroxyls. 
The theoretical dehydroxylation weight losses (Table 
3) for Formulas 1 and 2 were calculated by assuming two 
structural hydroxyls react to form one structural oxygen 
and a water molecule which is volatilized. 
2(X-0H)—^X=0 + HgO 
The measured dehydroxylation weight loss is based on the 
observed weight loss between the division temperature and 
1000°C divided by the sample weight at the division 
temperature. For a division temperature of 500°C, the 
measured dehydroxylation weight loss equals the theoretical 
dehydroxylation weight loss based on Formula 2 (Table 3). 
Quantitative agreement with Formula 1 would require a 
division temperature of 710°C which clearly underestimates 
the true dehydroxylation weight loss. Thus, dehydroxylation 
weight loss provides additional semi-quantitative support for 
Formula 2. Quantitative agreement cannot be demonstrated. 
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because the estimates are dependent on the choice of a 
dehydration-dehydroxylation division temperature. 
Finally, it was hypothesized that basal hydroxyls would 
yield an unique infrared OH stretching band. Figure 3 
presents a series of IR adsorption spectra for K-Llano in a 
pressed KBr disk. The strong affinity of K-Llano for 
interlayer water is clearly evident in the spectra. Despite 
heating to 105°C for 14 hours, spectra A exhibits a broad 
water adsorption band which nearly obscures the OH stretching 
bands. However, the tightly bonded water was removed by 
increasing the temperature, revealing two prominent hydroxyl 
bands near 3705 and 3670 cm~^. In addition there is evidence 
of one or two minor adsorption bands between 3650 and 3620 
cm" ^ 
The band near 3705 cm~^ is ascribed to octahedral sheet 
hydroxyls with three Mg in the nearest octahedral positions 
(Jorgensen, 1965; Vedder, 1964). Assignment of the band near 
3670 cm~^is more difficult. Jorgensen (1965) observed a band 
near 3665 cm~^in phlogopite which he tentatively ascribed to 
2 + 
octahedral sheet hydroxyls with two Fe and one Mg in 
adjacent octahedral positions. By contrast, Vedder (1964) 
ascribed a phlogopite 3665 cm"^adsorption band to structural 
3 + hydroxyls with two Mg and one R octahedral neighbors. Both 
authors at least agree that the 3665 cm"^ band in phlogopites 
results from octahedral impurities. Because K-Llano has a 
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Figure 3. Infrared analysis of K saturated Llano 
Vermiculite in a pressed KBr disk for 
(A) 105°C 14 hours, (B) 300°C 19 hours, 
(C) 400°C 20 minutes, (D) 500°C 2 hours, 
(E) 550°C 2 hours, (F) 600°C 2 hours, 
and (G) 700°C 2 hours 
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chemical composition and crystal structure very similar to 
phlogopite, it is reasonable to assign the 3670 cm~^Llano 
band to octahedral sheet hydroxyls. This leaves the minor 
adsorption band(s) between 3650 and 3620 cm"^as the only 
possible candidates for the basal hydroxyl stretching band. 
Alternatively, basal hydroxyls may not yield a unique 
stretching band, because their conformation depends in part 
on the proximity of the interlayer cations. 
Quantitative agreement between measured values of both 
CEC and dehydroxylation weight loss and the theoretical 
values based on Formula 2 provides strong evidence for the 
presence of basal hydroxyls. Despite the lack of clear 
evidence for their presence in the infrared spectra it is 
concluded that basal hydroxyls are present in the Llano 
vermiculite. 
The second question addressed by this paper pertains to 
the influence of basal hydroxyls on crystalline swelling and 
potassium affinity. A series of Llano X-ray diffraction 
patterns are presented in Figure 1. K-Llano equilibrated 
with an atmosphere controlled at 54% relative humidity 
(Pattern D) has both fully contracted (1.04 nm) layers and 
layers that have a monolayer of interlayer water (1.28 nm). 
After a 105°C, two hour heat treatment the expanded layers 
collapsed to 1.03 nm (pattern C; analyzed at 0% relative 
humidity)-. However, the same sample partially expanded when 
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rewet (Pattern B). These results, in conjunction with the 
infrared analyses demonstrate that despite a high layer 
charge, K-Llano has a strong affinity for interlayer water. 
Sawhney (1969a) reported a CEC decrease on K-saturation of 
only 4.4% for the Llano. In the present study, less than 10% 
of the exchange complex retained potassium after Ca exchange 
(Formula 2). Both the tendency to retain interlayer water 
and the low K-fixation capacity are attributed to the 
influence of basal hydroxyls. 
Further evidence of basal hydroxyl influence was 
apparent in an analysis of dehydration weight loss of the 
Llano treated with various mixed K-Mg 1 M chloride solutions 
(Section 2). The normalized dehydration weight loss (NWL) 
represents the difference in percent dehydration weight loss 
between a K-Mg-treated sample and a K-saturated sample 
divided by the difference in dehydration weight loss between 
Mg- and K-saturated samples. Figure 4 presents the 
normalized dehydration weight loss as a function of the 
treatment solution potassium mole fraction. The NWL curves 
of the other six clays are separated in accordance with the 
layer charge densities of the clays. The Llano curve, by 
contrast, is dominantly located with the low charge smectite 
curves. However, the Llano curve has a distinctive bimodal 
form. About 25% of the sample collapses readily while the 
other 75% exhibits a strong tendency to expand. 
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Figure 4. Relationship between the normalized dehydration 
weight loss and the equilibration solution K 
mole fraction for (V) South Carolina hydrobiotite, 
(C) Cheto montmorillonite, (L) Llano vermiculite, 
(Z) Zwingle smectite, (H) California hectorite, 
(F) Ferruginous smectite, and (B) Wyoming 
bentonite 
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These data may be compared with the behavior of the 
Llano when treated with alkylamine hydrochlorides, which 
suggests a homogeneous layer charge density. Alkylammonium 
Llano derivatives exhibit rational higher order 00 
reflections and the basal spacing increases linearly with 
alkylammonium carbon chain length (Section 3; Lagaly, 1981). 
If domains of radically different layer charge were present, 
layer expansion would not be uniform. Therefore, it is 
concluded that the layer charge density is uniform but the 
distribution of basal hydroxyls is not. 
The existence of basal hydroxyls is probably related to 
the high level of tetrahedral Al-for-Si substitution (Newman, 
1967), which provide electrostatically favorable sites for 
basal oxygen protonation. Basal hydroxyls may have been 
present in the Llano's parent phlogopite, or they may have 
formed during layer weathering. Either way, they would 
greatly facilitate the weathering process by decreasing 
potassium affinity and increasing the interlayer hydration 
potential. 
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SECTION V. INTERPRETATION OF ALKYLAMMONIUM 
CHARACTERIZATION OF SOIL CLAYS 
158 
INTRODUCTION 
Layer charge density is an important property of 2:1 
phyllosilicates but is often difficult to determine. The 
layer charge of monomineralic clays may be estimated from 
structural formulas that are based on total elemental 
analyses. When soil clays contain mixed mineral assemblages, 
however, this method provides average results that contribute 
little information about the layer charge of the individual 
mineral phases. Thus, other methods of characterizing the 
layer charge of these minerals have been sought. One that 
has been given particular attention with expanding layer 
silicates has been the alkylammonium method (Lagaly and 
Weiss, 1969 ) . 
The crystal structures of 2:1 phyllosilicates expand in 
the c-direction when the interlayer cations are 
stoichiometricly exchanged with alkylammonium cations. The 
extent of expansion depends on both the size (usually 
described in terras of the number of carbons in the alkyl 
chain) and the interlayer packing density of the 
alkylammonium cations (Lagaly and Weiss, 1969). Because the 
packing density depends primarily on the layer charge 
density, the layer charge can be estimated by following the 
change in basal spacing of alkylammonium exchanged 2:1 
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phyllosilicates as a function of the size of the 
alkylammonium cations. Indeed, considering the fact that the 
basal spacings of associated mineral phases can be 
distinguished by X-ray diffraction, the alkylammonium method 
has the potential of determining the layer charge density of 
smectites and vermiculites in soil clays. 
The alkylammonium method was used to determine the layer 
charge density of smectites found in three soils that formed 
a loess toposequence in northern Wayne County Iowa (Section 
6). When treated with large alkylammonium cations (alkyl 
chain length with 012) the soil clays appeared to contain a 
high-charge mineral that expanded to give basal spacings 
ranging from 2.3 nm (dodecylammonium treatment) to 2.9 nm 
(octadecylammonium treatment). Similar observations have 
been reported in the literature and attributed to the 
presence of vermiculite or high-charge smectite. For 
example, Senkayi et al. (1985) characterized the 2:1 
phyllosilicates in acid soils from Alabama, Texas and 
Mississippi with tetradecylamine hydrochloride. They 
concluded the soils contained both a low-charge smectite 
which expanded to 1.76 nm and a high-charge smectite or 
vermiculite which expanded to 2.52 nm. Ruehlicke (1985) used 
the alkylammonium method to study K-fixation properties of 
sedimentary soils in Bavaria. In doing so, he obtained 
evidence for the existence of a soil vermiculite that had 
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properties similar to the high-charge mineral observed by 
Senkayi et al. (1985). Badraoui et al. (1987), Ruehlicke and 
Niederbudde (1985), and Laird et al. (1985) have made similar 
interpretations of X-ray diffraction patterns for alkylamine 
hydrochloride treated soil clays. 
It has been established that alkylammonium cations 
displace potassium from micas (Weiss, 1963; Mackintosh and 
Lewis, 1968; Mackintosh et al., 1972). When Mackintosh et 
al. (1971) treated a wide range of micas with dodecylamine 
hydrochloride to achieve this potassium displacement, they 
found that the micas expanded and produced 3.6 nm XRD basal 
reflections. These results were obtained with a dodecylamine 
hydrochloride treatment similar to that used in layer charge 
determinations. If soil illites are similarly K-depleted by 
alkylamine hydrochloride treatments, the various low angle 
XRD reflections which previously have been interpreted as 
evidence of vermiculite in soils may, instead, be due to 
alkylammonium expanded soil illites. It is the objective of 
this paper to test the relevance of this alternative 
interpretation of the XRD patterns that are obtained with 
alkylammonium-exchanged soil clays. 
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MATERIALS AND METHODS 
The soil sample studied was collected from the E horizon 
of a pedon exhibiting morphological properties transitional 
between Edina (fine, montmorillonitic, mesic, Typic 
Argialbolls) and Haig (fine, montmorillonitic, noncalcareous, 
mesic, Typic Argiaquolls). The pedon was located on a flat 
(<1% slope) upland surface in northern Wayne County Iowa 
(SE%, SW%, Sec. 13, T.70N., R23W.). The soil formed in 
Wisconsinan loess under prairie grass vegetation. 
A bulk soil sample was collected and stored field moist 
in a plastic bag. A portion of this soil sample was 
dispersed in distilled water, and a sample (about 20 g) of 
the soil clay (<1 um size-fraction) was collected by 
sedimentation. Organic matter was removed by the HgOg 
oxidation method of Kunze (1965). Sequioxides were extracted 
with a solution of sodium dithionite and sodium citrate in a 
sodium bicarbonate buffered system (Mehra and Jackson, 1960). 
The soil clay was characterized by X-ray diffraction 
following various pretreatments. Mg-saturated samples were 
prepared by washing approximately 0.25 g of clay with 30 ml 
of 0.5 M MgCl2 three times, followed by three washes in 
distilled water. K-saturated clays were prepared similarly 
using 1 M KCl. Oriented specimens on glass slides were 
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prepared by the paste technique of Theissen and Harvard 
(1962). Some of the Mg-saturated samples (Mg 54) were 
equilibrated for 24 hours with an atmosphere controlled at 
54% relative humidity prior to X-ray analysis in an 
atmosphere with the same relative humidity. Others (Mg EG) 
were glycolated by gently misting the prepared slides with a 
50% ethylene glycol-water solution. K-saturated samples were 
heated for two hours at 105°C (K 105) or 500°C (K 500) and 
X-rayed in a desiccated atmosphere. 
Samples of the soil clay were treated with alkylamine 
hydrochlorides. The alkylamine hydrochlorides and the 
treatment solutions were prepared by the method of Ruehlicke 
and Kohler (1981). For each treatment, a 150 mg portion of 
Na-exchanged clay was thoroughly mixed with 5 ml of the 
appropriate alkylamine hydrochloride solution. The samples 
were incubated at 60°C for 24 hours, centrifuged and the 
supernatant discarded. This step was repeated, and the clays 
were washed in 95% ethanol until the supernatant was free of 
AgNO^-detectable chloride. Oriented specimens were prepared 
on glass slides by the paste technique, and vacuum (-75 kPa) 
dried at 60°C for 24 hours. These X-ray analyses were 
performed in a desiccated atmosphere. 
All X-ray diffraction traces were obtained with CuK«< 
radiation and a General Electric XRD-6 diffractometer 
equipped with a Ni filter and a focusing monochromator. 
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A suspension of Na-exchanged soil clay was centrifuged 
for 30 minutes at 10 000 RPM. This treatment separated the 
soil clay into three bands that were isolated on the basis of 
their color but are referred to as coarse, medium, and fine 
clay fractions, in accordance with their stratigraphie 
position within the centrifuge tube. 
Total potassium in the alkylammouium treated samples of 
the coarse clay fraction was determined by digesting the 
samples with 48% hydrofluoric acid and measuring potassium 
with an atomic absorption spectrophotometer. The digestion 
method was essentially that of Lim and Jackson (1982) except 
that 2 ml of 30% HgOg were added to the digestion vessels to 
oxidize the adsorbed alkylammonium cations, which otherwise 
inhibit complete sample digestion. 
Two reference illites, Tumut and Beavers Bend were used 
in some experiments to obtain a comparison with the soil 
clays. The <2 um fractions of these illites were given the 
same alkylamine hydrochloride treatments as the soil clays 
and analyzed by X-ray diffraction. The supernatants from the 
dodecylamine hydrochloride and octadecylamine hydrochloride 
treatments were analyzed for potassium by atomic absorption 
spectrophotometry. 
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RESULTS AND DISCUSSION 
X-ray diffraction patterns of Mg- and K-saturated 
samples of the soil clay are presented in Figure 1. Three 
distinct 001 reflections (basal spacings of 1.50, 1.00, and 
0.71 nm) were observed with the Mg-saturated soil clay. 
Moreover, the 1.50 nm peak shifted to 1.73 nm when the 
Mg-saturated sample was glycolated. The K-saturated soil 
clay exhibited 1.00 and 0.71 nm peaks after a two hour 105°C 
heat treatment and a single 0.97 nm peak after heating for 
two hours at SOO'C. These results indicate that the soil 
clay contained kaolinite, il lite and smectite. There was no 
evidence of vermiculite in the soil clay, which if present 
ought to show up as a 1.4-1.5 nm phase in the Mg-saturated 
ethylene glycol-solvated sample (Brindley, 1966). 
X-ray diffraction patterns of the soil clay samples 
treated with alkylamine hydrochlorides are presented in 
Figure 2. In addition to kaolinite (0.71 nm), illite (1.00 
nm) and smectite (1.36-1.80 nm) peaks, some of the patterns 
(C12-C18, except C13) have a fourth low angle peak (2.3-2.9 
nm). These low angle peaks were initially attributed to the 
presence of vermiculte or high charge smectite in the soil 
clay (Laird et al., 1985). However, the absence of low angle 
peaks in other XRD patterns (C6-C11) of the alkylamine 
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Figure 1. X-ray diffraction patterns of the 
<1 urn soil clay 
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Figure 2. X-ray diffraction patterns of the 
soil clay treated with alkylamine 
hydrochlorides (carbon chain length 
specified at left) 
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hydrochloride treated soil clay samples and the lack of 
evidence for vermiculite in Figure 1 does not support this 
interpretation. 
A Na-saturated sample of the soil clay (<lum size 
fraction) was fractionated by centrifugation with the intent 
of concentrating the mineral responsible for the low angle 
peaks. Samples of coarse, medium and fine clay were obtained 
by this means and treated with dodecylamine hydrochloride 
(Figure 3). The dominance of smectites in the fine clay is 
established by a 1.8 nm peak, whereas the coarse clay XRD 
patterns reflect the presence of kaolinite, illite and a 
mineral exhibiting a sharp 2.3 nm peak. The high-charge, 
vermiculite-like, mineral responsible for this 2.3 nm peak is 
clearly concentrated in the coarser part of the soil clay. 
However, Mg-saturated samples of the coarse clay exhibited a 
1.50 nm peak which shifted to 1.70 nm upon glycolation 
(Figure 4), a result that shows this coarse clay fraction 
contains smectite but little vermiculite. Conflicting 
evidence for the presence of vermiculite was observed when 
the coarse clay fraction was treated with a range of 
alkylamine hydrochlorides (Figure 5). The C6-C8 XRD patterns 
exhibit only the 1.36 nm peaks that are indicative of 
smectites, whereas the C12-C18 XRD patterns have just the low 
angle peaks (2.3-2.9 nm) expected with vermiculite. The 
broad doublets of the C9-C11 XRD patterns, however, suggest 
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Figure 3. X-ray diffraction patterns of the coarse, 
medium and fine clay fractions treated 
with dodecylamine hydrochloride 
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Figure 5. X-ray diffraction patterns of the 
coarse clay fraction treated with 
alkylamine hydrochlorides; carbon 
chain length specified at left 
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that both expanded phases are present. 
To account for the various results that were obtained 
with the alkylammonium treated samples and the lack of 
evidence for vermiculite in the Mg-saturated samples, 
consideration was given to the possibility that smectites 
were the only indigenous expanding silicates in the soil 
clay, and that a vermiculite-like mineral was created when 
the soil clay samples were treated with the larger 
alkylammonium cations. This situation could arise if the 
alkylammonium treatments expand some of the illite layers in 
the soil clay by extracting interlayer potassium. This 
hypothesis was tested with two reference illites that are 
nearly free of expanded layers. The contracted nature of the 
untreated illites and the changes imposed by treatments with 
alkylamine hydrochlorides are shown in Figures 6 and 7. The 
highly charged Tumut (203 cmol (K*) kg"^) remained contracted 
until treated with octadecylamine hydrochloride, after which 
it exhibited a sharp 2.9 nm XRD reflection. The lower-charge 
Beavers Bend (150 cmol (K*) kg~l), developed an expanded phase 
when it was treated with alkylammonium cations that had 
twelve or more carbons in their alkyl chains. The amounts of 
potassium that were extracted by the C12 and C18 treatments 
was determined with both illites. The results (Table 1) show 
that the alkylammonium method of determining layer charge did 
extract potassium from the illites. Moreover, the appearance 
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Figure 7. X-ray diffraction patterns of Beavers 
Bend illite treated with alkylamine 
hydrochlorides; carbon chain length 
specified at left 
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Table 1. Potassium extracted from Beavers Bend and 
Tumut illites with dodecylamine and 
octadecylamine hydrochlorides 
ALKYLAMMONIUM 
Dodecylammonium 
Octadecylammonium 
BEAVERS BEND 
cmol(K+)kg"^ % 
39.0 26.0 
61.7 41.1 
TUMUT 
cmol(K+)kg~^ % 
5.0 2.5 
25.2 12.4 
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of low angle XRD peaks (Figures 6 and 7) coincided with the 
release of enough interlayer potassium to ensure the presence 
of appreciable amounts of expanded illite. On the other 
hand, no low angle XRD peaks were observed with the C12-Tumut 
sample where the treatment extracted only 2.5% of the 
interlayer potassium. 
The extent to which alkylammonium cations replace 
potassium in illites depends on the severity of the treatment 
and the properties of the mineral (Mackintosh and Lewis, 
1968). Therefore, it was necessary to establish the degree 
to which the alkylammonium method of determining layer charge 
can extract potassium from soil illite. To do so, the 
potassium content of seven alkylamine hydrochloride treated 
samples of the coarse clay was determined (Table 2). All the 
treated samples lost large amounts of potassium, most of 
which must have come from interlayer sites in the soil 
illite. The fact that some of the alkylammonium treatments 
yielded no apparent low angle XRD peaks and others caused 
peak broadening between 1.4 and 2.0 nm (C6 to CI 1 curves in 
Figure 5) even though significant amounts of potassium were 
extracted can be attributed to the masking effects of mixed 
layering. 
The various results that were obtained with reference 
illite and soil clay samples support the conclusion that the 
alkylammonium method of determing layer charge can partially 
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Table 2. Total potassium in the coarse soil 
clay after treatment with alkylamine 
hydrochlorides 
ALKYLAMMONIUM . , PERCENT 
CARBON CHAIN LENGTH cmol (K ) kq" K-DEPLETION 
untreated 97.6 — 
6 83.0 15 
8 74.7 23 
10 60.4 38 
12 59.4 39 
14 59.3 39 
16 65.1 33 
18 49.3 49 
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expand soil illite and thereby create a situation where the 
XRD patterns can be misinterpreted as evidence for the 
presence of vermiculite. Some warning about the incidence of 
this problem might be expected from changes in the intensity 
of the 1.0 nm XRD peak. However, no appreciable change in 
the 1.0 nm peak can be observed in Figures 5 and 7 even 
though the degree of interlayer potassium replacement 
exceeded 40% in some instances. The third-order reflection 
for octadecylammonium degraded illite coincides with the 1.0 
nm peak for unexpanded illite and may thereby contribute to 
the intensity of the 1.0 nm peak, but a full explanation for 
the general persistence of the 1.0 nm peak will need to be 
resolved in terms of the mechanism and products of illite 
degradation by alkylammonium cations. 
Whenever the alkylammonium method of determining layer 
charge is used with clay samples the possibility of errors 
from illite should be anticipated. The incidence of this 
problem, however, can be clearly identified by determining 
the amounts of potassium extracted by the treatments. 
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SECTION VI. THE LAYER CHARGE AND GENESIS 
BEIDELLITES IN AN ARGIALBOLL 
ARGIAQUOLL SEQUENCE 
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INTRODUCTION 
Investigations of clay mineral weathering trans­
formations- in soils may be divided into two categories; those 
documenting natural transformations and laboratory studies 
simulating the weathering process. Dorste et al. (1962), 
Johnson et al. (1963), Douglas (1965) and many others have 
studied clay mineralogical changes as a function of depth 
within soil profiles. In general, these studies found 
vermiculites and smectites increasing as illites decrease. 
White (1951) was among the first to simulate weathering; 
he treated illite with cobalt nitrate and produced 
montmorillonite. Robert (1973) demonstrated that illites 
and glauconites could be transformed into smectites by a 
combination of K-depletion and oxidation of structural iron. 
Both authors observed vermiculite as an intermediate phase. 
Many different pathways and processes may be involved 
in the weathering transformation of micas to smectites. 
However, as weathering proceeds, interlayer K must be 
replaced by hydrated ions, usually Ca or Mg, and the layer 
charge must be reduced. The reduction in layer charge is 
accomplished readily by oxidation of structural ferrous iron, 
but can also be effected by lattice substitutions and 
protonation of structural oxygens (Von Reichenbach and Rich, 
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1975; Norrish, 1973a; Fanning and Keramidas, 1977; Sridhar 
and Jackson, 1974). 
Clearly, layer charge is one of the more dynamic 
properties of 2:1 phyllosilicates, and for the illite-
vermiculite-smectite sequence it serves as an index of 
weathering. It is possible, therefore, that the layer charge 
of soil smectites may be related to the degree of soil 
horizonation. Because soil clays typically contain mixed 
mineral assemblages, cation exchange capacities provide 
little information about the layer charge of the indigenous 
soil smectites. By contrast, the alkylammonium method 
(Lagaly and Weiss, 1969) of determining layer charge has the 
potential for estimating the layer charge of soil smectites 
independently of other mineral phases present. Ruehlicke 
(19 85) employed the alkylammonium method in a study of 
potassium fixation properties of alluvial soils in Bavaria, 
and Senkayi et al. (1985) used tetradecylammonium to 
qualitatively identify expanding minerals in acid soils from 
Alabama, Texas and Mississippi. 
The present study was initiated to test the 
alkylammonium method for layer charge density determinations 
of soil smectites. A second objective was to determine if 
the weathering processes responsible for soil profile 
differentiation along an Argiaquol1-Argialbol1 toposequence 
had influenced the layer charge density of the indigenous 
181 
soil smectites. The third objective was to characterize the 
chemical composition and mineralogy of the soil smectites. 
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MATERIALS AND METHODS 
A 30 0 meter north-south transect in northern Wayne 
County Iowa (SE%, SW%, Sec.13, T.70N., R.23W.) was selected 
for study. Along the transect, the soils graded from Edina 
(fine, montmorillonitic, mesic, Typic Argialbolls) at the 
northern end to Haig (fine, montmorillonitic, noncalcareous, 
mesic, Typic Argiaquolls) at the southern end. The transect 
crossed a relatively flat (slope <1%) upland surface. The 
Edina, however, was associated with a slight concavity, 
proximal to the head of an ephemeral drainageway. Three 
pedons were selected for detailed study, an Edina, a Haig and 
one exhibiting transitional morphological properties. 
Bulk soil samples were collected by horizon, and stored 
field-moist in plastic bags. The samples were dispersed in 
distilled water, and about 20g of the <1 um size fraction 
were collected by sedimentation. Organic matter was removed 
by the H^0 ^  oxidation method of Kunze (1965). Sesquioxides 
were extracted with a solution of sodium dithionite and 
sodium citrate in a sodium bicarbonate buffered system (Mehra 
and Jackson, 1960). 
An initial characterization of the soil clay mineralogy 
was obtained by X-ray diffraction following a standard 
sequence of pretreatments (Table 1). Mg-saturated samples 
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Table 1; Standard pretreatments for mineralogical 
characterization by X-ray diffraction 
RELATIVE 
SYMBOL SATURATING ION ADDITIONAL TREATMENT HUMIDITY 
Mg 54 Mg — 54% 
Mg EG Mg Ethylene Glycol 54% 
K 105 K 105°C 2 hours 0% 
K 500 K 500°C 2 hours 0% 
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were prepared by washing approximately 0.25 grams of clay 
three times with 30 ml of 0.5 M MgCl^/ followed by three 
washings in distilled water. K-saturated clays were prepared 
in a similar manner using 1 M KCl. Specimens were oriented 
on glass slides following the paste technique of Theissen and 
Harward (1962). Glycolation was effected by gently misting 
the prepared specimens with a 50% ethylene glycol-water 
solution. Mg-saturated samples were equilibrated for at 
least 24 hours with an atmosphere controlled at 54% relative 
humidity prior to X-ray analysis in an atmosphere with the 
same relative humidity. K-saturated samples were analyzed in 
a desiccated atmosphere. 
The layer charge densities of the soil smectites were 
measured by the alkylammonium method of Ruehlicke and Kohler 
(1981). This is a modification of the original procedure 
developed by Lagaly and Weiss (1969). Samples (~150 mg) of 
Na-saturated clay were thoroughly mixed with 5 ml of the 
appropriate alkylamine hydrochloride solution (Ruehlicke and 
Kohler, 1981). The samples were incubated at 60°C for 24 
hours, centrifuged and the supernatant discarded. This step 
was repeated, then the clays were washed in 95% ethanol until 
the supernatants were free of AgNO^-detectable chloride. 
Oriented specimens were prepared on glass slides by the paste 
technique, and vacuum (-75 kPa) dried at 60°C for 24 hours. 
X-ray analyses were performed in a desiccated atmosphere. 
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Short chain alkylammonium-smectite derivatives exhibit 
basal spacings of about 1.36 nm, reflecting a monolayer of 
interlayer alkylammonium cations. Longer chain derivatives 
have basal spacings of about 1.77 nm, indicative of a bilayer 
of interlayer alkylammonium cations. The alkylammonium 
carbon chain lengths that caused a mono-bilayer transition 
for a given sample were used to estimate the layer charge 
density of that sample. To do so, the average smectite 
particle diameter was assumed to be 100 nm and the procedure 
presented by Lagaly (1981) was followed. 
Most natural smectites have heterogeneous layer charge 
densities (Lagaly and Weiss, 1976). In results obtained with 
the alkylammonium method, layer charge heterogeneity is 
indicated by gradual mono-bilayer transitions. These gradual 
transitions can be represented by histograms which depict the 
fraction of a sample which expands from the monolayer to the 
bilayer form for each alkylammonium treatment. To do so, the 
proportion of bilayers for each mono-bilayer transition 
sample was estimated from their apparent basal spacings 
(d 001) using the peak migration curve of Lagaly (1981). 
A Na-saturated sample of the transition soil E horizon 
was washed in distilled water and settled by centrifugation 
(10 000 RPM, 30 min.). The clay separated into three 
distinct bands, distinguished primarily by color. These 
fractions were collected and are hereafter referred to as the 
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coarse, medium and fine clay fractions, based on their 
stratigraphie position within the centrifuge tube. 
The position of 060 XRD reflections was measured from 
oriented samples on Parafilm. The Parafilm was attached to a 
plexiglas frame, mounted perpendicularly to a zero degree 
incident beam and scanned from 40 to 70 degrees 20. 
All X-ray diffraction traces were obtained by using CuK« 
radiation and a General Electric XRD-6 diffractometer 
equipped with a Ni filter and a focusing monochromator. 
Total elemental analysis of the transition soil E 
horizon fine clay fraction was performed by inductively 
coupled plasma-atomic emission spectroscopy (Spiers et al., 
1983). The clay was initially Ca-saturated by four 
centrifugal washings in 0.5 M CaCl. and then washed free of 
— 2 
AgNO^-detectable chloride with distilled water. Replicate 
0.10 g samples were sonified (1 min.) in 1% HNOg and then 
introduced directly into the ICP-AES. The suspensions were 
stirred continuously with a mechanical mixer during sample 
aspiration to prevent settling. Ferrous iron was determined 
by the method of Amonette and Scott (1984). 
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RESULTS AND DISCUSSION 
The extent of E horizon development was the most 
prominent morphological change along the transect. The Edina 
soil had a 29 cm thick, well-developed E horizon. The 
transition soil had a 12 cm thick, incipient E horizon. The 
Haig did not have an E horizon, instead, it had a well-
developed A2 horizon in the same general stratigraphie 
position. The increased degree of E horizon development was 
accompanied by an increase in the depth to the Bt horizon, 
which ranged from 33 cm in Haig to 47 cm in Edina. 
The soils along the transect formed in Wisconsinan loess 
under prairie grass vegetation. Because the transect was 
only 300 meters long on a relatively flat (slope <1%) 
surface, the climatic influence on development of these 
soils was essentially the same. The only site-related 
characteristic which could account for the morphological 
differences among these soils was a slight topographic 
depression coincident with the distribution of the Edina 
profile. Associated with the depression are differences in 
both external and internal drainage, resulting in a leaching 
environment conducive to E horizon development. 
Sesquioxide coatings, hydroxy interlayer materials and 
organic matter can inhibit the free expansion and collapse of 
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soil smectites. Therefore, it was necessary to treat the 
soil clays with both hydrogen peroxide and dithionite-
citrate-bicarbonate. These pretreatments may have changed 
the oxidation state of some structural iron, slightly 
altering the smectite layer charge density. However, all 
samples were treated alike, so relative differences would 
have been preserved. 
The mineralogy of the silicate clays in the Argiaquoll-
Argialboll sequence was initially characterized by X-ray 
diffraction following a standard sequence of pretreatments 
(Table 1). Mg-saturated samples equilibrated with, and 
analyzed in, an atmosphere controlled at 54% relative 
humidity, exhibited three distinct 001 XRD reflections. 
These peaks were positioned near 1.50, 1.00, and 0.71 nm. 
With ethylene glycol solvation, the 1.50 nm peaks shifted to 
about 1.73 nm. K-saturated samples that were heated for two 
hours at 105 "C, and analyzed in a desiccated atmosphere 
exhibited 1.00 and 0.71 nm peaks. The same K-saturated 
samples heated an additional two hours at 500°C exhibited 
only 0.97 nm 001 peaks. Figure 1 presents the XRD patterns 
obtained following these treatments for clays separated from 
the transition soil E horizon. The peak positions varied 
only slightly among different transect samples. The analyses 
indicated that all of the samples contained the same general 
mixture of smectite, illite and kaolinite. 
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'150 
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Mg 54 
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K 500 
DEGREES 28 
Figure 1. X-ray diffraction patterns of 
transition E horizon clay; 
treatments listed in Table 1 
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XRD patterns of dodecylammonium treated clays from 
three stratigraphically equivalent horizons for each soil 
are presented in Figure 2. Kaolinite (0.71 nm peaks) was 
unaffected by the dodecylammonium treatments. IIlite, 
however, was partially depleted of interlayer potassium 
and exhibited both expanded (2.3 nm peaks) and contracted 
(1.0 nm peaks) phases (Section 5). The soil smectites are 
represented by 1.8 nm 001 reflections. Unfortunately, the 
smectite and expanded illite peaks are not clearly resolved 
in the XRD patterns of samples taken from the Ap horizons, 
this made determinations of the smectite basal spacings less 
certain for these samples. 
Figure 3 presents XRD patterns of transition E horizon 
clays treated with alkylamine hydrochlorides. The smectite 
basal spacing increased with the length of the alkylammonium 
carbon chain. The change in smectite basal spacing for the 
C7-C11 treatments corresponds to a mono-bilayer transition. 
Similar results were obtained for the other transect samples 
(Appendix B). Based on these results both the mean layer 
charge density (Table 2) and the heterogeneity of the layer 
charge density (Figure 4) were estimated. 
There was a slight decrease in mean smectite layer 
charge density with profile depth in both the Haig and 
the transition soils. This may reflect preferential 
translocation of finer, slightly lower-charge smectites 
23 nm 
HAIG EDINA TRANSITION 
DEGREES, 28 
Figure 2. X-ray diffraction patterns of dodecylammonium 
treated clays from the Haig, Transition and 
Edina pedons; horizons are listed at left 
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136 1.% 25 nm 
16 14 12 10 8 6 
DEGREES 20 
Figure 3. X-ray diffraction patterns of 
Transition E horizon clay treated 
with alkylamine hydrochlorides 
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Table 2. Mean layer charge density of the 
soil smectites; determined by the 
alkylammonium method 
LAYER CHARGE PER 
HORIZON EDINA TRANSITION HAIG 
Ap 0.36 0.37 0.37 
E/A2 0.36 0.36 0.36 
Bt 0.36 0.35 0.35 
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Figure 4. Layer charge heterogeneity of the soil 
smectites 
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during lessivage. However, the mean smectite layer charge 
density for the Edina remained constant with depth. The 
heterogeneity of the smectite layer charge density is 
represented by a series of histograms (Figure 4). All of the 
transect smectites had a similar charge density range (0.44 
to 0.32 per formula unit). The Edina smectites, however, 
have a slightly more uniform charge density distribution than 
the smectites in either the Haig or the transition soils. 
The differences between Edina and the other two pedons are 
minor and without extensive replication cannot be considered 
significant. Thus, it is concluded that the drainage 
differences which effected soil profile differentiation along 
the transect did not significantly affect the layer charge 
density of the soil smectites. 
A Na-saturated sample of the transition E horizon clay 
was fractionated by centrifugation with the intent of 
concentrating the soil smectite. Samples of coarse, medium 
and fine clay obtained by this means were treated with 
dodecylamine hydrochloride and analyzed by X-ray diffraction 
(Figure 5). The fine clay fraction was nearly pure 
smectite. This sample exhibited a 62° 20 060 XRD reflection, 
indicating that the E horizon smectite was dioctahedral. The 
fine clay fraction was further analyzed for the 
Hofmann-Klemen (1950) effect. The Li-smectite was fully 
collapsed after an initial 250*C heat treatment, but largely 
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Figure 5. X-ray diffraction patterns of 
dodecylamine hydrochloride treated 
Transition E horizon coarse, medium 
and fine clay fractions 
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reexpanded following glycolation (Figure 6). Based on this 
evidence, the layer charge appeared to be primarily located 
in the tetrahedral sheet (Greene-Kelly, 1955). 
A structural formula for the transition soil E horizon 
smectite was calculated based on the average of duplicate 
elemental analyses of the fine clay fraction (Table 3). 
0^.16^ 0.10^ ^^ 3.59^ 0.41^ ^^ 1.39^ ®0.43^ 0^.02^ 0.20*^ 0^.02^  °10^ °^ 2^ 
Some illite and kaolinite were undoubtedly present in 
the fine clay fraction, and the smectite structural formula 
reflects these contaminants. However, the structural formula 
confirmed the earlier results. The soil smectite is clearly 
dioctahedral and primarily tetrahedrally charged; it is 
classified, therefore, as an iron-rich beidellite. The 
smectite layer charge based on the structural formula (0.43 
per formula unit) is about 19% higher than the layer charge 
determined by the alkylammonium method. This discrepancy is 
consistent with the difference between the two methods 
observed in Section 3. 
Although X-ray diffraction suggested that the transition 
E horizon fine clay fraction was nearly free of illite 
(Figure 5), chemical analyses found 1.3% KgO. The potassium 
was apparently retained in randomly interstratified 
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1.80 n m 
Li 250 
LI 250 
16 14 12 10 8 6 
DEGREES 20 
Figure 6. X-ray diffraction patterns of Li 
saturated Transition E horizon fine 
clay fraction heated at 250°C for 
12 hours, before and after glycolation 
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Table 3. Elemental analysis of Ca 
saturated fine clay fraction 
PERCENT OXIDE BASED ON DRY WEIGHT 
SAMPLE NO. 
OXIDE D6 D26 
AI2O3 25.13 25.10 
CaO 2.471 2.543 
F®2°3 9.811 9.425 
MgO 2.205 2.224 
MnO 0.019 0.019 
SiOg 58.83 58.95 
TiOg 0.316 0.321 
ZnO 0.020 0.021 
0
 C
M
 
•
H
 0.000 0.000 
Na20 0.007 0.039 
K2O 1.194 1.352 
9.105 
FeO 0.462 
^Total iron determined by ICP-AES. 
^Ferric iron by difference. 
^Ferrous iron determined separately. 
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contracted (1.0 nm) layers. This was further supported by 
the diffuse nature of the 001 XRD reflections, and the lack 
of rational higher order reflections. The interstratifi­
cation of 'initie' layers suggests that the beidellite is a 
weathering product of illite. Both the chemical composition 
and layer structure of the soil beidellite are similar to 
illite, and there is sufficient octahedral ferric iron to 
account for layer charge reduction on weathering. 
The E horizon beidellite is very similar to a beidellite 
separated from the Bt horizon of a Zwingle (fine, mont-
morillonitic, mesic Typic Albaqualfs) pedon (Section 3). 
The Zwingle was located several hundred kilometers to the 
northeast on a high terrace above the Mississippi river in 
Allamakee County Iowa. Khan (1985), reported beidellitic 
mineralogy for Missouri river alluvium-derived soils from 
western Iowa, and Wysocki (1984) found smectites with a 
beidellitic character in loess-derived soils in Tama County. 
Bloom et al. (1985) reported beidellite in a northwestern 
Minnesota Vertic Haplaquoll, and Elless et al. (1985) found 
beidellite in saline soils of the Red River valley of North 
Dakota. These reports suggest that beidellite may be the 
dominant soil smectite species in this region. Currently, 
most midwestern soils are classified as montmorillonitic; 
if future research continues to identify beidellite, their 
mineralogical class should be changed. 
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SUMMARY AND CONCLUSIONS 
Section one presents a Ba-Mg exchange isotherm for a 
synthetic fluorohectorite along with X-ray diffraction 
patterns of the samples for which the isotherm results were 
determined. The XRD patterns were used to determine changes 
in the basal spacing of the fluorohectorite that occurred 
during the exchange reaction. Mg-fluorohectorite had a basal 
spacing of 1.81 nm in 0.100 M MgCl^. By contrast, 
Ba-fluorohectorite had a basal spacing of 1.57 nm in 0.100 M 
BaClg. The collapse from the 1.8 nm phase to the 1.6 nm 
phase occurred as the Ba mole fraction in the equilibration 
solution was increased from 0.3 to 0.5. Coincident with both 
the advent and the completion of layer collapse were changes 
in the slope of the exchange isotherm. The results 
demonstrate a relationship between crystalline swelling and 
cation exchange selectivity. 
A theoretical model is proposed to describe this 
relationship. The model uses Eisenman's (1962) theory to 
describe interlayer cation specificity. The same hydration 
and electrostatic free energy terms which appear in the 
Eisenman equation are found in the equation which describes 
crystalline swelling. Because these terms appear in both 
equations there is a theoretical interaction between 
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crystalline swelling and cation exchange selectivity. The 
model predicts that layer contraction will cause weakly 
hydrated cations to be preferred over more strongly hydrated 
cations. Changes in basal spacing, however, are conditioned 
by an activation energy which stabilizes the various layer 
hydrates. This activation energy causes hysteresis in 
crystalline swelling which leads to hysteresis in cation 
exchange. 
A method of determining the relative interlayer anionic 
field strength for expanding 2:1 phyllosilicates is presented 
in Section 2. Clays were treated with mixed K-Mg 1 M 
chloride solutions. After these treatments, the samples were 
equilibrated with an atmosphere controlled at 54% relative 
humidity and the extent of crystalline swelling was 
determined qualitatively by X-ray diffraction and 
quantitatively by a thermogravimetric procedure. The clays 
progressively expanded as the treatment solution Mg:K ratio 
increased. An index of relative interlayer anionic field 
strength was derived from the relationship between the 
treatment solution potassium mole fraction and the extent of 
crystalline swelling. 
Structural formulas of seven reference clays and five 
reduced-charge montmorillonites were derived from total 
elemental analyses. The layer charge density based on the 
structural formulas was compared with the mean interlayer 
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anionic field strength index. This relationship was linear 
for the nearly isostructural reduced-charge clays, 
demonstrating the validity of the index. The interlayer 
anionic field strength of the reference clays was influenced 
by crystal structure and chemical composition in addition to 
layer charge. Elemental analyses suggested that a few 
octahedral cations were ejected and protons incorporated 
during the preparation of the reduced-charge clays. These 
minor compositional and structural changes apparently lowered 
interlayer anionic field strength of the reduced-charge 
clays. 
In Section 3 the alkylammonium method was used both to 
determine the mean layer charge density and to characterize 
the layer charge heterogeneity of the same clays studied in 
Section 2. The layer charge based on the alkylammonium 
method was strongly correlated with the layer charge based on 
structural formulas. However, the alkylammonium results were 
20 to 30% lower, and the results diverged with increasing 
layer charge. This suggests the presence of a systamitic 
error in the alkylammonium method. 
In Section 4 a structural formula for the Llano 
vermiculite was calculated from the results of an elemental 
analysis by assuming complete cation occupancy of all 
structural positions, and that only K and Ca were present as 
interlayer cations. The formula indicated the presence of 
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basal hydroxyls. Quantitative support for this structural 
formula was demonstrated by both cation exchange capacity 
and dehydroxylation weight loss determinations. Infrared 
analysis failed to detect a hydroxyl stretching band which 
could be unambiguously attributed to basal hydroxyls. 
Despite this problem it was concluded that basal hydroxyls 
are present in the Llano vermiculite. Basal hydroxyls lower 
the interlayer anionic field strength and hence, reduce 
potassium affinity and facilitate crystalline swelling. 
The observed bimodal anionic field strength distribution of 
the Llano was attributed to a nonuniform distribution of 
basal hydroxyls. 
The alkylammonium method was tested for use with soil 
clays in Sections 5 and 6. Soil samples were collected from 
three pedons that formed an Argialboll-Argiaquoll loess 
toposequence. Kaolinite, illite and iron rich beidellite 
were identified in the soil clays. Both the mean layer 
charge density and the layer charge distribution of the soil 
beidellites were determined by the alkylammonium method. 
Neither of these properties were significantly affected 
by the weathering processes which caused soil profile 
differentiation along the transect. 
The soil beidellites retained nonexchangeable potassium 
in randomly interstratified contracted layers and had a 
crystal structure and chemical composition similar to illite. 
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Thus, the soil beidellite is believed to be a weathering 
product of the indigenous soil illite. 
Although the alkylamraonium method was effective for 
determining the layer charge density of soil smectites the 
procedure causes potassium depletion of soil illites. The 
K-depleted soil illites expand producing low angle X-ray 
diffraction peaks which are easily misinterpreted as evidence 
of soil vermiculite. 
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APPENDIX A 
The Alkylammonium Method 
The alkylammonium method of Ruehlicke and Kohler (1981 ) 
is an adaptation of the original procedure of Lagaly and 
Weiss (1969). The method is presented in this appendix for 
future reference. The topics covered are; 1) source of 
materials, 2) synthesis of alkylamine hydrochlorides, 3) 
preparation of treatment solutions, 4) alkylammonium 
saturation of clays, 5) slide preparation, 6) X-ray 
diffraction analysis, and 7) interpretation of X-ray 
diffraction patterns. 
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1) Source of Materials 
MATERIAL 
Pentylamine 
Hexylamine hydrochloride 
Heptalamine 
Octylamine hydrochloride 
n-Nonylamine 
n-Deecylamine 
Unidecylamine 
Dodecylamine hydrochloride 
n-Trideclyamine 
Tetradecylamine 
Pentadecylamine 
Hexadecylamin e 
n-Heptadecylamine 
Octadecylanine 
SOURCE 
Fluka 
Pfaltz and Bauer 
Fluka 
Pfaltz and Bauer 
Pfaltz and Bauer 
Pfaltz and Bauer 
Fluka 
Eastman Kodak 
Pfaltz and Bauer 
Pfaltz and Bauer 
Fluka 
Fluka 
Pfaltz and Bauer 
Pfaltz and Bauer 
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2) Synthesis of Alkylamine Hydrochlorides 
The alkylamine hydrochlorides were used as received. 
The alkylamines were converted to hydrochlorides by reaction 
with HCl, according to the following procedure. 
A. Transfer 10 ml of alkylamine and 10 ml of 95% ethanol to 
a round-bottom flask. 
B. Slowly bubble gaseous HCl through the mixture at 65°C. 
The reaction rate must be controlled to prevent the 
temperature from exceeding 70°C, by adjusting the air flow. 
The end point is reached when the solution pH drops below 7, 
as tested with litmus paper. During the reaction a white 
vapor is given off and the end point is also evident when the 
vapor is no longer produced. A diagrammatic sketch of the 
apparatus is presented in Figure 1. 
C. After the reaction is complete the round-bottom flask 
is transferred to a rotary vacuum evaporator. Ethanol and 
excess HCl are slowly evaporated from the slurry (65°C, 
-75 kPa vacuum, at least 20 minutes). 
D. The hot slurry is transferred to a vacuum filter 
apparatus and washed with cold acetone (-20"C) to facilitate 
crystallizati on. 
E. After drying the white alkylamine hydrochloride crystals 
may be stored indefinitely. 
VENT TO 
FUME HOOD 
AIR 
IN 
[THE RMOMETER 
ALKYLAMINE 
+ ETHANOL 
MOISTURE 
TRAP 
36»/. HCI MOISTURE 
TRAP 
65 "C WATER BATH 
Figure 1. Diagrammatic sketch of the apparatus used to convert 
alkylamines to alkylamine hydrochlorides 
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3) Preparation of Treatment Solutions 
A. Aqueous solutions of the alkylamine hydrochlorides are 
prepared and may be stored at 60"C (ready to use) for several 
weeks. Solution concentrations decrease with the 
alkylammonium carbon chain length. 
Chain 
Length Molarity 
5-6 2 
7-9 0.5 
10-15 0.1 
16 0.05 
17-18 0.03 
4) Alkylammonium Saturation of Clays 
A. Wash about 150 mg of clay 3 times with 30 ml 1 M NaCl and 
twice with 50% ethanol-water. This is conveniently done in 
50 ml centrifuge tubes. Each wash consists of a thorough 
mechanical mixing of the clay-solution followed by 
centrifugation and décantation. 
B. Add 5 ml of the appropriate alkylamine hydrochloride 
solution (60°C) and thoroughly homogenize the mixture. Cork 
the centrifuge tube and incubate at 60"C for 24 hours. 
Centrifuge and decant the supernatant. 
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C. Repeat step B. 
D. Wash the clay with 30 ml 95% ethanol and incubate for 2 
hours at 60"C. Centrifuge and decant the supernatant. 
E. Repeat step D until the supernatant is free of 
AgNOg-detectable chloride. 
5) Slide Preparation 
A. Paste the clay on a glass slide with a spatula until a 
uniform film covers the slide. To keep the clay from drying 
before the slide is complete, a drop of ethanol may be added. 
B. Dry the slide in a 60°C vacuum oven for 24 hours (-75 
kPa), and store in a desiccator until analyzed by X-ray 
diffraction. 
6) X-ray Diffraction Analysis 
A. The samples must be analyzed in a desiccated atmosphere 
to prevent moisture adsorption. The clays are analyzed 
between 2 and 30 degrees 26 using CuK* radiation. 
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7) Interpretation of X-ray Diffraction Patterns 
A. The presence of rational higher order basal reflections 
is used to distinguish monolayer and bilayer forms from 
transition samples. Generally four or five higher order 
reflections are observed. The monolayer and bilayer 
derivatives have basal spacings of about 1.36 and 1.77 nm, 
respectively. The fraction of bilayers in the transition 
samples is estimated from the apparent basal spacing (d 001) 
using the data presented by Lagaly (1981). 
d 001 (nm) % Bilayers d 001 (nm) % Bilayers 
1.36 0 1.60 49 
1.40 12 1.65 58 
1.45 24 1.70 70 
1.50 33 1.73 80 
1.55 40 1.77 100 
The following third-degree polynomial may be used for routine 
calculations (r=0.9997), where d equals the observed basal 
spacing in angstroms. 
% Bilayers = -8916.903+1715.039(d)-l10.342(d^)+2.386(d^) 
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B. The portion of a sample which expands from the mono- to 
the bilayer form with each increase in alkylammonium carbon 
chain length is assigned a value of layer charge density. 
The following data are taken from Lagaly (1981) and assume an 
average particle diameter of ICQ nm. 
Chain Length Charge Per Chain Length Charge Per 
Category OiQ(OH)2 Category OiQ(OH)2 
5-6 0.545 12-13 0.285 
6-7 0.470 13-14 0.270 
7-8 0.420 14-15 0.255 
8-9 0.385 15-16 0.243 
9-10 0.355 16-17 0.230 
10-11 0.330, 17-18 0.220 
11-12 0.305 
C. The mean layer charge density is calculated as a weighted 
average of the values of layer charge assigned to each 
chain-length category. The values of layer charge for each 
category are weighted by the fraction of the sample which 
expands from the mono- to the bilayer form as follows; 
Layer charge = ([% bilayers(Ci+l ) - % bilayers(Ci ) ] X 
charge(Ci to Ci+1)) 
Where Ci is the carbon chain length. 
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APPENDIX B 
X-ray Diffraction Patterns 
of Alkylammonium Exchanged Clays 
X-ray diffraction patterns of the alkylamine 
hydrochloride-treated reference, reduced-charge and soil 
clays are presented in this appendix. The clay is listed at 
the top of each figure along with the XRD range setting. The 
alkylammonium carbon chain length is listed to the left of 
each pattern. 
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CLAY 
CHAIN 
LENGTH PAGE 
Wy. bentonite 8-13 233 
Wy. bentonite 14-18 234 
Cheto montmorillinite 6-11 235 
Cheto montmorillonite 12-18 236 
Ferruginous smectite 6-12 237 
Ferruginous smectite 13-18 238 
California hectorite 6-15 239 
California hectorite 15-18 240 
Llano vermiculite 6-11 241 
Llano vermiculite 12-18 242 
S. C. hydrobiotite 6-9 243 
S. C. hydrobiotite 10-12 244 
S. C. hydrobiotite 13-15 245 
S. C. hydrobiotite 16-18 246 
Zwingle beidellite 6-18 247 
RC 0 6-12 248 
RC 0 13-18 249 
RC 10 6-13 250 
RC 10 14-18 251 
RC 20 6-13 252 
RC 20 14-18 253 
RC 30 6-13 254 
RC 30 14-18 255 
RC 40 6-13 256 
RC 40 14-18 257 
Edina Ap 6-18 258 
Edina E 6-13 259 
Edina E 14-18 260 
Edina Bt 6-11 261 
Edina Bt 12-18 262 
Transition Ap 6-14 263 
Transition Ap 15-18 264 
Transition E 6-18 265 
Transition Bt 6-18 266 
Haig Ap 6-18 267 
Haig A2 6-18 268 
Haig Bt 6-18 269 
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WYOMING BENTONITE 
Range = 10 000 cps 
14 10 6 
DEGREES 20 
234 
WYOMING BENTON ITE 
Range = 10 000 cps 
CIS 
Cly­
de 
C15 
C14 
10 6 
DEGREES 20 
235 
CHETO 
Range = 10 000 cps 
C10 
1 1 I 
14 10 6 
DEGREES 2© 
236 
CHETO 
Range = 10 000 cps 
14 10 6 
DEGREES 2© 
I 
237 
FERRUGINOUS SMECTITE 
Range = 10 000 cps 
10 6 
DEGREES 20 
238 
FERRUGINOUS SMECTITE 
Range = 10 000 cps 
C14 
C13 
• I I I 
14 10 6 
DEGREES 20 
239 
HECTORITE 
Range = 10 000 cps 
10 6 
DEGREES 20 
240 
HECTORITE 
Range = 10 000 cps 
C18 
Cly­
de 
CIS 
14 10 6 
DEGREES 20 
241 
LLANO VERM ICULITE 
Range = 10 000 cps 
C11 
C10 
10 6 
DEGREES 20 
242 
LLANO VERMICULITE 
Range = 10 000 cps 
C18-
C17-
C16-
C15-
C14-
C13-
V 
C12-
I I 
14 10 6 
DEGREES 29 
I I 
243 
SOUTH CAROLINA 
HYDROBIOTITE 
Range = 5000 
10 6 
DEGREES 20 
244 
SOUTH CAROLINA 
HYDROBIOTITE 
Range = 5000/50000 cps 
C10 
10 6 
DEGREES 20 
245 
SOUTH CAROLINA 
HYDRO BIOTITE 
Range = 5000/ 50 000 cps 
C15 
C14 
C13 
10 6 
DEGREES 20 
246 
SOUTH CAROLINA 
HYDROBIOTITE 
Range = 5000/50000 cps 
C18~ 
C17 
C16 
10 6 
DEGREES 20 
247 
ZWINGLE 
Range = 10 000 
C11 
CIO 
C9 
10 6 
DEGREES 20 
248 
RC 0 
Range = 10 000 
C12' 
10 6 
DEGREES 20 
249 
RC 0 
Range = 10 000 cps 
C14 
C13 
10 6 
DEGREES 20 
250 
RC 10 
Range = 10 000 cps 
251 
RC 10 
Range = 10 000 cps 
14 10 6 
DEGREES 20 
252 
RC 20 
Range = 10 000 cps 
CIO 
10 6 
DEGREES 20 
253 
RC 20 
Range = 10 000 cps 
C18-
C17-
C16-
CIS-
CM-
14 10 6 
DEGREES 20 
254 
RC 30 
Range = 10 000 cps 
CIO 
10 6 
DEGREES 20 
255 
RC 30 
Range = 10000 cps 
C18— 
C17— 
C16 
CIS-
CM 
14 10 6 
DEGREES 20 
256 
RC 40 
Range = 10 000 cps 
10 6 
DEGREES 20 
257 
RC 40 
Range = 10 000 cps 
C18-
C17-
C16-
CIS-
CM-
I I 1 I 
14 10 6 
DEGREES 20 
258 
EDINA Ap 
Range = 5000 cps 
10 6 
DEGREES 20 
259 
EDINA E 
Range = 5000 cps 
10 6 
DEGREES 20 
260 
EDINA E 
Range = 5000 cps 
C18 
C14 
14 10 G 
DEGREES 20 
261 
EDINA Bt 
Range = 5000 cps 
C11 
C10 
10 6 
DEGREES 2© 
262 
EDINA Bt 
Range = 5000 cps 
C18 
10 6 
DEGREES 20 
263 
TRANSITION Ap 
Range = 5000 cps 
c/) 
z CM­
GI 3 
LU 
LU 
G12-
en 
G10 LJ 
en 
G9-
G8 
G 7 
G6 
DEGREES 2© 
264 
TRANSITION Ap 
Range = 5000 cps 
C18-
C17 
C16 
C15 
14 10 6 
DEGREES 20 
265 
TRANSITION E 
Range = 10 
C18 
C17 
C16 
C15 
10 
DEGREES 
266 
TRANSITION Bt 
Range = 10 000 cps 
C18-
10 6 
DEGREES 2© 
267 
HAIG Ap 
Range = 10000 cps 
10 6 
DEGREES 2© 
268 
HAIG A2 
Range = 10 000 cps 
C18-
C17 
C16 
CIS 
C14 
C13-
C12 
C11-
C10 
C9-
ca-
C7-
C6 
I 1 1 1 1 1 1 1 
14 10 6 2 
DEGREES 29 
269 
HAIG Bt 
Range = 10000 cps 
CIS 
10 6 
DEGREES 20 
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APPENDIX C 
Dehydration Weight Loss of the Reference Clays 
Results of triplicate dehydroxylation weight loss 
determinations for K-Mg treated reference clays are presented 
in this appendix. The reference clays are; (B) Wyoming 
bentonite, (C) Cheto montmorillonite, (F) Ferruginous 
smectite, (H) California hectorite, (L) Llano vermiculite, 
(V) South Carolina hydrobiotite, and (Z) Zwingle beidellite. 
The treatments are described in Section 2, Materials and 
Methods. 
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SALT PERCENT WEIGHT LOSS 
CLAY TREATMENT REP 1 REP 2 REP 3 
B OK 21.4 21.5 21.2 
B lOK 21 .2 20.8 20.7 
B 25K 20.5 18.8 20.2 
B 50K 18.3 15.6 17.5 
B 75K 14.4 13.0 13.7 
B lOOK 9.0 9.0 9.4 
C OK 26.2 26.8 26.0 
C lOK 22.6 22.5 22.7 
C 25K 20.3 20.3 20.9 
C 50K 16.0 16.9 17.0 
C 75K 14.3 15.8 15.8 
C lOOK 12.7 14.3 14.4 
F OK 24.0 26.0 23 .9 
F lOK 23.3 24.8 23 .8 
F 25K 21.3 23.4 22.2 
F 50K 17.2 20.6 18.6 
F 75K 14.7 15.7 15.0 
F lOOK 11.8 11.2 12.3 
H OK 23.3 22.9 23.0 
H lOK 21.6 22.2 22.0 
H 25K 20.1 20.8 20.9 
H 50K 16.5 18.8 18.9 
H 75K 15.4 14.2 14.6 
H lOOK 12.2 10.9 10.9 
L OK 21.3 23.4 21.6 
L lOK 19.0 20.9 19.0 
L 25K 18 .5 20.8 18.1 
L 50K 18.0 19.0 17.8 
L 75K 15.2 15.9 14.9 
L lOOK 12.6 10.4 11.6 
V OK 12.9 13.4 13.3 
V lOK 9.5 10.3 10.3 
V 25K 8.9 8.2 8.7 
V 50K 7.9 7.0 7.3 
V 75K 7.2 6.9 7.1 
V lOOK 6.6 6.6 6.6 
Z OK 18.2 18.7 19.7 
Z lOK 17.8 17.7 18.3 
Z 25K 16,9 16.6 16.6 
Z 50K 14.3 13.7 15.4 
Z 75K 11.7 11.7 12 .6 
Z lOOK 10.3 10.8 11.3 
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APPENDIX D 
X-ray Diffraction Patterns of K/Mg Treated Clays 
X-ray diffraction patterns of the reference and reduced-
charge clays after treatment with mixed 1.0 M K/Mg chloride 
solutions are presented in this appendix. The treatments are 
described in Section 2, Materials and Methods. All of the 
XRD patterns were run with a range setting of 10 000 cps. 
The figures appear in the following order. 
CLAY PAGE 
Wyoming bentonite 273 
Ferruginous smectite 274 
California hectorite 275 
Zwingle smectite 276 
Llano vermiculite 277 
South Carolina hydrobiotite 278 
Cheto montmorillonite 279 
RC 0 280 
RC 10 281 
RC 20 282 
RC 30 283 
RC 40 284 
273 
WYOMING BENTON ITE 
Mg 54— 
OK 
10K 
25K 
50 K 
75K 
100K 
r T T T 
16 14 12 10 8 6 4 2 
DEGREES 20 
274 
FERRUGINOUS SMECTITE 
M g 54 
0 K 
10 K 
25 K 
50 K 
75 K 
100K 
16 14 12 10 8 6 4 2 
DEGREES 2 0 
275 
CALIFORNIA HECTORITE 
Mg 54 
OK 
10K 
25K-
50 K 
75K-
100K-
16 14 12 10 8 6 2 4 
DEGREES 2 0 
276 
ZWI NGLE SMECTITE 
M g 54 
100K 
16 14 12 10 8 6 
DEGREES 20 
277 
LLANO VERMICULITE 
M g 54 
100K 
12 10 8 6 
DEGREES 20 
278 
SOUTH CAROLINA 
HYDROBIOTITE 
Mg 54 
OK 
100K 
12 10 8 6 
DEGREES 20 
279 
CHETO MONTMORILLONITE 
Mgb4 
10K 
25K-
50K 
75K 
100K 
16 14 12 10 8 6 
DEGREES 20 
—T-
4 
280 
RC 0 
Mg54 
100K 
16 14 12 10 8 
DEGREES 20 
281 
RC 10 
Mg54 
10K 
25K 
50K-
75K-
100K 
16 14 12 10 8 6 
DEGREES 20 
0)1 
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283 
RC 30 
Mg54 
25K 
50K 
75K 
100K 
12 10 8 6 
DEGREES 20 
284 
RC 40 
100K-
12 10 8 6 
DEGREES 20 
